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Section
A . The Effects of Low Levels of CO2 on Metabolic, Respiratory
and Circulatory Measurements During Work and at Re at
As reported previously (NASA 9-7009, February 1970) a partial
pressure of 15 ± 2 mmHg CO2 in the inspired air reduces maximal aerobic .
power (V0, ) by an average 13% and this decrement was statistically{j£i ziiax
highly significant. A marked increase in ventilation was observed at all
submaximal -work levels as compared to the controls on air. However,
the excess ventilation with added CO2 was less apparent as maximal work
capacity was approached and was not significant at the point of exhaustion,
suggesting that maximal ventilatory capacity had been attained in both the
experimental and control runs. This contention was further supported by
subsequent tests with the same CC>2 content, which included arterial blood
gas and acid-base balance studies. These revealed a statistically signifi-
cant degree of CC>2 retention and acidosis when breathing PjCO2 of 15 mmHg
at the endpoint of exercise and during recovery. Thus the presence of
carbon dioxide in the inspired gas tends to induce a relative ventilatory
insufficiency under conditions of strenuous exertion. At submaximal work
loads the excess ventilation induced by CC>2 adds to the metabolic energy
requirements and taxes the life support system.
The following studies were designed to determine whether lower
partial pressuresof CC>2 than 15 mmHg elicited noticeable alteration in
respiratory and circulatory functions at rest and during exercise of various
intensities, including maximal work capacity.
In view of the fact that in the SKYLAB program the cabin atmosphere
will have a nominal partial pressure of 5.5 mmHg CC>2 (0.7% sea level
equivalent) with an upper limit of 7.6 mmHg (1% sea level equivalent),the
present study deals with the effects of gas mixtures producing 5 - 1 0 mmHg
partial pressure of CO^ in the inspirate, maintaining a normal partial
pressure of oxygen of 122 mmHg within ± 5 mmHg corresponding to the
elevation of this laboratory (5400 ft.). The evaluation was directed not only
to possible decrements in performance as demonstrated on
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to detect subtle changes in ventilation, metabolic rate and cardiac
activity that might vitiate or distort biomedical measurements of these
functions in future space operations.
I. Maximal Work Capacity with 5.4, 9.4 and 15 mmHg
The subjects were selected regardless of their physical condition,
and performed work capacity tests on a bicycle ergometer (von Dobeln,
J. Appl. Physiol. 7:22, 1954) starting at a brake load of 300 kpm/min for
the first three minutes with the load increasing by 75 kpm/min each
subsequent minute until the subject could no longer maintain the pedaling
rhythm of 50 per minute given by a metronome. Heart rate and blood
pressure were taken during the latter half of each minute and expired gas
collected into Douglas bags or large meteorological balloons from a
Lloyd-Collins low resistance respiratory valve at regular intervals to
determine ventilation and gas exchange. An example of the sequence of
measurements obtained in this type of test is shown in Fig. A-I. The
subject breathed either the experimental CC>2 mixture or air in the controls
from a large meteorological balloon reservoir which was supplied from a
manually controlled pressure source after bubbling through a carboy with
water for humidification. The subjects were unaware of whether they were
breathing an experimental mixture or not and it was administered in random
sequence.
Six subjects participated in the first series with a PTp/-»2 °^ ^.4 (9.2-
9.5) mmHg and the values taken at the minute of maximal metabolic rate
are summarized in Table A-I, with the individual values detailed in the
appendix of this section.
There was no appreciable difference in the mean values for work
performance between the test with CO? and with air, and the mean maximal
oxygen consumption happened to be identical. There was a moderate increase
in ventilation and in pulse pressure under the experimental conditions but
none of the differences were of high statistical significance. It is noted
that CC>2 output was slightly lower on the CO2 mixture for the same 03 uptake
in spite of higher ventilation, suggesting some inhibition of CC^ elimination
due to its presence in the inspired gas.
Table A -I Maximal Exercise with Pr~~ 9.4 mm HeJX/O2
n= 6
Air
C02
Difference
p - level
n = 12
Air
co2
Difference
p - level
Work
(kpm/min)
1413
1438
+.4%
>.20
Table A
Work
(kpm/min)
1288
1225
-4. 9%
< .10
Vent.
(L/min)
135.6
144.1
+6.3%
>.20
•
(L/min)
3.260
3.260
0
>.20
VC02
(L/min)
3.614
3.510
-2.9%
>.20
- II Maximal Exercise with
Vent.
(L/min)
128.3
112.5
-12.3%
<.05
v
°2(L/min)
2.964
2.773
-6.4%
< .01
Vco2
(L/min)
3.225
2.978
-7.7%
^.20
R HR
(per min)
1.11 182
1.08 186
-2.7% +2.2%
>.20
 7.20
P IC025.4mmHg
Sys. BP
(mmHg)
189
196
+3.7%
7.20
R HR Sys.BP
(per min) (mm Hg)
1.10 183
1.09 179
-0.9% -2.2%
>.20 ^ .10
199
192
-3.5%
<.20
Pulse Pr.
(mmHg)
107
117
+9, 3%
7.10
Pulse Pr.
(mmHg)
114
106
-7%
< .20
Table A-III Regression of VQ (y) versus Work (x)
ICO2 Regression SE r
Control y = .015 + . 664x .1596 ,983
5.7 mm Kg y = . 093 H- . 609x .1873 .975
Control y = -.156 + .698x .2304 .968
9.4 mmHg y= -.181 + .691x .2380 .967
Control y= .153 + .625x .1731 .977
15 mmHg y= .314+.540x .1724 .966
Table A-IV Regression of Heart Rate (y) versus VQ (x)
PICC>2 Regression SE r
Control y = 101.63 + 27.68x 17.17 .813
5.7 mmHg y= 104.78 + 29. 34x 18.64 .801
Control y= 90.31 + 28.77x 12.05 .910
9.4mmHg y = 96.18 + 28.54x 12.14 .911
Control y= 92.77 + 30.08x 14.88 .852
15 mmHg y = 91.04 + 32.70x 15.68 .810
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The second series using a mixture providing PT(~./-j2 ^.4 (5.1 -
5.7) mmHg was conducted with exactly .the same protocol. In view of
the minimal effects anticipated from the lower CC>2 concentration, a
larger number of subjects (n = 12) was employed in this series. On the
average, this group had a slightly lower work capacity than the previous
series, as can be seen by comparing the control tests on air (Table A -II)
with the previous group (Table A -I). The results of the tests with CC>2
were unexpected inasmuch as maximal oxygen uptake and all coincident
measurements were lower than the controls. However, only the reduc-
tion in V-, was statistically significant. The fact that meaninax • . •
maximal ventilation and heart rate were below the control values might
suggest that true maximal aerobic power was not always attained in
these tests. On the other hand, it is striking that 7 out of 12 subjects
in the CO^ tests reached their highest oxygen consumption in the second
last minute of the test and persevered for another minute at a higher work
load without increasing their oxygen uptake. In the controls this occurred
only twice (see individual protocols in the appendix). Therefore one can
assume that at least as much effort was applied in the CO2 tests as in the
controls.
II. Metabolic, Circulatory and Respiratory Responses to Added CO2
in Exercise with Increasing Work Loads
Each work capacity test with CO2 and the controls provided a mini-
mum of 5 and in some cases up to 10 points where simultaneous measure-
ments were made of all items on the protocol (see individual protocols in
the appendix) ranging from 300 kpm/min up to maximal capacity. It was
thus possible to correlate metabolic, circulatory and respiratory activity
with progressive work loads and with each other. For this purpose,
regression equations were calculated for each individual and mean regres-
sions established for the exercise transient for different levels of added
CO2. These were PTCQ2 = 5.4 mmHg (12 subjects) and PjCo2 =
(6 subjects) as mentioned above, but also included similar data on
15 mmHg with 12 subjects from the initial series reported in 1970.
Table A-ITI presents the regression of metabolic rate (V^) versus
work intensity for the three experimental mixtures and controls on air.
L/min
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The same regressions with CC>2 are plotted in Fig. A -2 , here with a
common reference line for air. With the two lower concentrations of
CO2 there was no significant difference between experimental and control
conditions. However, on PT^-,-)? = ^ mmHg the slope of regression was
significantly lower than in the controls. This means that the oxygen con-
sumption is lower for a given work load in the upper range of work intensity
with this CC>2 concentration. If this effect is genuine, it might well be
explained by a depressing influence of the respiratory acidosis, which we
have described previously, on oxygen consumption similar to that found
by Karetzky and Cain (J. Appl. Physiol. 28: 8, 1970) in voluntary hyper-
ventilation with and without added CC^. In their experiments, the addition
of CO2 depressed oxygen consumption.
The following Table A -IV deals with the relationship between heart
rate and metabolic rate during the exercise transient. The statistical
analysis did not reveal any significant difference between each experi-
mental group and its controls. However, Fig. A-3 shows that the mean
regression line for PT/-.^ = 15 mmHg has a slightly steeper slope than
the others. On the other hand, the line for PT/~.,-Y> = 5.7 mmHg lies abovei\j\JCi
all the others due to a higher intercept. But this may be due to differences
in physical condition of the subjects rather than effects of CC>2. Apparently
there is no specific effect of inspired CC>2 upon the heart rate response to
exercise within the range covered in this study.
In the report submitted in 1970 on the effects of PT/-/-^ ^ ro^Hg on
exercise tolerance, it was observed that ventilation was consistently
higher at all submaximal work loads when breathing the CC>2 mixture than
on air. But this difference became less significant as maximal work
capacity was reached. As reported above (Tables A-I and A -II), at maxi-
mal work capacity ventilation was higher than in the controls on PT/-.X-O
9.4 mmHg and lower with PT^,-)? ^'^ rran^g' In view of this inconsistency,
a comprehensive statistical analysis of the correlation between ventilation
and metabolic rate was undertaken utilizing the data on all three levels of
CO2 and controls with measurements at progressive work loads. In these
computations the logjQ of ventilation was correlated with metabolic rate
because ventilation invariably follows a non-linear course in the form of
Table A-V Regression of log Ventilation (y) versus VQ (x)
PIC02
Control
5 . 4 mm. Hg
Control
9 . 4 mm Hg
Control
15 mmHg
Regression
y = 1.217 + .284x
y = 1.293 + ,264x
y = 1.187 + .290x
y = 1.264 + .275x
y = 1.200 + .302x
y = 1.423 + .26lx
SE
. 0940
.1086
.0656
.0616
.0731
.0879
r
.931
.893
.971
.973
.958
.891
Table A-VI Regression of log Ventilation (y) versus V
PIC02
Control
5.4 mmHg
Control
9.4 mmHg
Control
15 mmHg
Regression
y =
y ~
y =
y =
y -
y =
1.1604
1.2229
1.1903
1.2703
1.1769
1.3831
+ .960x
+ .912x
+ .947x
+ .892x
+ .951x
+ .856x
SE
.089
.102
.073
.076
.079
.076
r
.938
.906
.964
.958
.950
.921
2.50
log
2.00
1.50
T
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exercise test used in this study, as can be seen from Fig. A-l .
Furthermore the results of similar analyses on several hundred
exercise tests described in the following section of this report dem-
onstrate that the regression of log ventilation with metabolic rate
gives a higher correlation than the linear equation.
Table A-V presents three pairs of regressions for log ventilation
versus oxygen consumption with P-r/-/-.? 5.4, 9.4 and 15 mmHg and the
corresponding controls on air. It is noted that the first figure in the
equation representing the intercept with the y-axis is higher in all the
experimental tests than in the controls in each pair; and the second
figure, the slope , of regression, is lower on CC>2. The significance of
this becomes apparent in Fig. A-4 where the equations for the three
CC>2 mixtures are plotted together with a line combining all control
tests on air. Whereas the level of ventilation is higher with the addition
of CO2, the difference from, the controls becomes proportionately less
as metabolic rate increases. For example, breathing 15 mmHg CC>2,
ventilation is 54% higher than on air at an oxygen consumption of one
liter per minute, and only 36% greater at work requiring three liters
of oxygen per minute. The difference in slope between the regression
lines with CO2 and the controls was statistically significant only for
the tests on 15 mmHg CC>2.
A better separation of the regression lines for the three CC>2
mixtures was accomplished by calculating regressions for log ventilation
versus metabolic rate as a fraction of maximal oxygen consumption
obtained in the control tests. This equalizes the data by correcting for
differences in maximal work capacity between the subjects, which were
considerable. The corresponding equations are given in Table A -VI and
plotted in Fig. A-5. In this configuration the increase in ventilation
appears to be roughly proportionate to the partial pressure of CO2 inhaled.
Since both the slopes and the intercepts of each experimental regression
line are affected by CC>2, separate regressions were run for the slopes
and intercepts versus P - r o anc* a combinecJ equation derived therefrom
which gives log ventilation (y) as a function of both V-., /V~7 (x) and\J£ \j£t ITletX
PIC02 :
2.50
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•
y= 1.1741 + .003557 (PICC,2 ) + ( -95 - . 006355 PjCO2)x
This equation was then used to construct an alignment chart giving
log ventilation as a function of V_0 /V-.., with isobars for CO? in
• OL O& max ^
the inspired gas (Fig. A-6). Although these isobars have been established
on the basis of data on P-r^^? between 0 - 1 5 mmHg only, higher values
have been extrapolated because they may be useful for predicting ventila-
tion during exercise with higher CC>2 concentrations. But more measure-
ments will be necessary to verify these. In our experience 140 L/min
is on the average the highest ventilation that can be sustained during
exercise and it would appear from the graph that this point would be
reached at exercise calling for half of maximal oxygen uptake with a
PICO2 of 30>:minHg.
HI. The Effects of Low Levels of CC>2 in the Inspired Air on Measure-
ments of Metabolic Rate and Respiration Under Basal Conditions
The objective of this part of the study was to determine whether
physiological measurements pertaining to basal metabolic rate, ventila-
tion and alveolar gases at rest might be affected by the presence of small
amounts of CC>2 in the respiratory environment as could happen in space
cabins with incomplete scrubbing of CC>2. The composition of the test
gases was chosen to be as close as possible to the P-r^^o °^ ^'^ "^^Hg
approved for the SKYLAB program with an upper limit of 7. 6 mmHg in
emergencies.
Two series of experiments and controls were performed with
different gas mixtures following the same experimental procedure which
will be described first.
All measurements were made in the morning, the subjects having
fasted for at least eight hours previously. .They rested completely relaxed
in supine position for 30 minutes breathing through a unidirectional (Hans
Rudolph) valve with a deadspace of 15 ml while wearing a noseclip. A
negligibly small gas sample was withdrawn continuously from the center
of the valve box to record C>2 and CC^ in the inspired and expired gas
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with a mass-spectrometer (SRI-MS8) which was calibrated with analyzed
gas mixture before and after each test period. From the 28th through the
30th minute of rest recordings were made to obtain the alveolar (end -
tidal) CO^ and C>2 tensions. At the same time expired air was collected
in a Douglas bag, the contents of which were immediately analyzed
(Scholander Method) and measured in a dry gas meter after passage
through a drying cartridge. From these measurements the following
items were calculated: total inspired ventilation (V., BTPS), tidal volume
(VT , BTPS), frequency, oxygen uptake ( V-,, STPD), carbon dioxide output
(VpO2» STPD), respiratory exchange ratio (R), alv
BTPS) and the ventilation equivalent for oxygen (V-
» eolar ventilation ( V. ,
In the tests with CC>2 admixture, the following equation was used to
calculate alveolar ventilation:
863
PACO2 " PICO2
In the controls on air the equation was:
V
 = C02
PACO2
After completing the sampling period during the last three minutes of
the first half hour the subjects remained recumbent but could remove the
mouthpiece and noseclip for a drink of water. Shortly thereafter another
test period commenced, again with sample collection during the last three
minutes. The subjects received either the test gas first or air from the
pressure line with a 5 liter anesthesia bag interposed as a reservoir up-
stream of the inspiratory port of the breathing valve. Each subject partici-
pated in two sequences on different days in reverse order, thus providing
two paired comparisons.
First Series: P T O 7.5mmHg
Ten subjects were included in the first series in which a CO2 mixture
providing a Pr/-*/-,? of 7.5 mmHg was administered. The oxygen concentration
Table A-VII B.M.R. Measurements with Pj/-.Q2 = 7.5 mmHg
n= 20
Air
P rf** c\r} *
Diff.
P - value
*I
6.05
7.15
1.10
4.001
fr
8.1
8.5
0.4
ns
VT
0.83
0.89
0.06
ns
^02
.223
.230
.007
ns
*
VC02
.174
.174
0
ns
R
.78
.76
-.02
PACO2
36.2
37.7
1.5
<. 001
PA02
79.5
84.2
4.7
<.001
*I ' ^ 02
27.1
31.0
3.9
<.001
»
4.20
5.01
0.81
Two determinations on each of 10 subjects
Table A -VIII B.M.R. Measurements with = 5<7 mmHg
n = 10
Air
p 5^7
Diff.
p - value
i
6.
6.
0.
<. (
36
99
63
)1
fr
8.4
9.0
0.6
ns
V
0.86
0.87
0.01
ns
*02
.218
.216
-.002
ns
VC02
.175
.167
-.008
ns
R
.79
.77
-.02
ns
PACO2
35.1
36.4
1.3
<.001
PA02
81.7
88.6
6.9
<.001
V /VI / 02
28.9
32.0
3.1
*
VA •
4.42
4.83
.41
<.001
Two determinations on each of 5 subjects
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was 20.70% which gives a PjO2 °f 120.7 mmHg at the average baro-
metric pressure of 630 mmHg in this laboratory.
The results are summarized in Table A-VII and the individual
protocols listed in the appendix of section A. Since two experimental
and control runs were available from each subject, n = 20 for statistical
purposes. All subjects increased their ventilation on the CC>2 mixture
compared to the controls in the same session and the difference of 18%
in the mean values was statistically highly significant. Both tidal volume
and frequency contributed to the increase in gross ventilation, but these
changes were not statistically significant themselves. Oxygen consump-
tion was higher in 11 out of 20 tests with CC>2; it was lower in eight and
unaltered in one test. The mean value was 3% higher than in the controls
which was not significant statistically. Mean carbon dioxide production
was identical, but with the slightly higher oxygen consumption in the CO2
tests, the expiratory exchange ratio was lower by a significant margin/
The amount of CC>2 storage taking place during the sampling period can
be estimated by predicting the actual CC>2 production (Vro/) by metabo-
lism, using the observed VO2 an^ the R measured in the control on air:
/
^TO2 = ^O2 x ^ control
*Comparing the predicted with the observed value for V_,O2 there was a
difference of 5 ml/min or 3% and this was statistically significant. Alveolar
gases obtained by averaging the end-tidal levels recorded with the mass-
spectrometer over the sampling period showed highly consistent changes
with CC>2 admixture. CC>2 tension increased from 36.2 to 37.7 mmHg which
was statistically highly significant. The alveolar oxygen tension showed
even greater changes than carbon dioxide, rising by 4.7 mmHg. At first
sight this appears unexpected in view of the lower R value and the fact that
the inspired oxygen tension was slightly lower (120 mmHg) than in the
controls (122 mmHg). However, the addition of CC>2 to the inspired gases
makes a larger fraction of the total pressure available for the respiratory
gases (C>2 + CC>2) by displacing nitrogen., Since the augmented ventilation
largely compensates for the elevated PTf-o2 8O that only a small fraction of
it (in this case 1.5 mmHg) is reflected in the alveolar P__? , a considerably
higher alveolar P-, is the result.
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The ventilation equivalent for oxygen was 14% higher with CC>2 and
the alveolar ventilation 19% greater than in the controls, both differences
being statistically highly significant.
Second Series: PT/^QZ ^'^ ^"^Hg
Five subjects were exposed twice to a mixture creating a PT/^QO °^
5.7 mmHg, either preceded by or followed by a control on air with
exactly the same protocol as in the first series. The mean values are
given in Table A-VIIIand the individual data in the appendix A (n = 10).
Again without exception ventilation was significantly higher with CC>2 ,
but the increment was 10% as compared to 18% on the higher CC>2 mixture.
In this series an increase in frequency appeared to contribute more than a
change in tidal volume, although there were considerable individual differ-
ences in the response in breathing pattern. Oxygen consumption was not
affected by the experiment as the mean values are practically identical. In
this series carbon dioxide discharge was lower in the tests but this was not
significant statistically. However, R was reduced by the same amount as
above reflecting storage of CC>2 in the body because body fluids had not
completely equilibrated with the higher alveolar P_n?.
In this series on FrpQ2 ^'^ ra^Hg, the increment in mean alveolar
CC>2 tension was only slightly less than with higher CC>2 mixture proving
that a rise of little more than 1 mmHg is sufficient to trigger a significant
increase in ventilation. The alveolar P__ was 6.9 mmHg higher on the
experimental mixture than in the controls, which was more than in the
first series, but this is due to the fact that the CC>2 mixture had a slightly
higher oxygen content (21.45%) than air. When corrected for this artifact,
the true increment in alveolar P_^, in the series would be 3 - 4 mmHg.
The ventilation equivalent for oxygen and the alveolar ventilation
were also affected by the low CO2 mixture showing an increase that was
highly significant and of the same order as total ventilation.
The implications of this study are that a respiratory environment
containing sufficient carbon dioxide to produce an inspired CO2 tension of
5.7 mmHg or more elicites significant changes in pulmonary ventilation and
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alveolar gas tensions, which must be taken into account in physiological
experiments of this nature in spacecraft. Oxygen consumption itself does
not appear to be affected by CO2 at the levels used in this study, but the
measurement of metabolic CO2 production and the corresponding respira-
tory exchange ratio may be underestimated due to CC>2 retention unless the
subjects have been breathing the same CO, concentration for a period longer
than 30 minutes.
•\
Summary. Section A.
Maximal work capacity was determined using an exercise test with
•work loads increasing from 300 kpm/min each minute by 75 kpm/min to the
point of exhaustion breathing gas mixtures with 'Prr,r^-> = 5.4, 9.4 and 15 mmHg.IC/vJt.
Maximal oxygen consumption was 13% lower on 15 mrnHg CO2 and 8% less on
5.4 mmHg COz, but no difference was found on 9.4 mmHg CO2« Oxygen
consumption was lower in submaximal and maximal work on 15 mmHg CO2
than in the controls. Regression analyses of the heart rate response to
increasing energy production with the three CO2 mixtures did not reveal any
significant difference from the controls. Similar analyses on ventilation
showed a consistently greater response to exercise even with the lowest CO2
mixture and its magnitude was proportional to PT^. _~. An equation andL\J\J&
alignment chart are presented which permit an estimate of ventilation as a
function of metabolic rate during exercise in the presence of CO2 in the
inspired gas.
Determinations of basal metabolic rate with R^,--, 5.7 and 7.5 mmHglOO^
were compared with controls on air. There was no significant difference in
oxygen consumption, but there were statistically highly significant changes in
total ventilation, alveolar ventilation and alveolar CO2 and O? tensions on both
experimental mixtures as compared to the controls. There was evidence of
CO2 storage in the experimental tests which apparently persisted for more
than 30 minutes.
MAXIMAL EXERGIS.S
PICO 9-
Appendix A-l
A
Subj .
#
1
2
3
4
5
6
M
Time
(Min)
Air
20.0
17.0
15.0
18.0
19.0
18.0
17.8
C02
20
17
15
19
21
17
18.2
Work
kpm/Min
Air
1575
1350
1200
1425
1500
1425
1413
C02
1575
1350
1200
1500
1650
1350
1438
Ventilation
L/Min
Air
143.3
126.5
125.9
123.1
144.9
149.9
135.6
co2
114.1
149.9
133.1
131.2
172.5
163.9
144.1
^02
L/Min
Air
3.289
3.081
2.862
3.267
3.481*
3.578
3.260
C02
3.197
3.176
2.912
3.484
3.718
3.073
3.260
VC02
L/Min
Air
3.857
3.496
3.361
3.670
3.555
3.745
3.614
co2
3.485
3.386
3.122
3.839
3.972
3.258
3.510
JB-
Subj.
1
2
3
4
5
6
M
RER
Air
1.17
1.14
1.17
1.12
1.02
1.05
1.11
C02
1.09
1.07
1.07
1.10
1.07
1.06
1.08
. •
I V-/T
Air | CO2
43.3
41.1
44.0
37.7
41.6
41.9
41.7
35.7
47.2
45.7
37.7
46.4
53.3
44.3
Heart Rate j Systol. B, Pr.
per Min. j mm Hg
Air
188
169
184
197
176
179
182
co2 .
195
170
178
202
188
183
186
Air
210
190
176
198
186
172
189.
C02
208
184
190
206
196
192
196
Pulse Pr.
mm Hg
Air
140
108
88
106
110
90
107
co2
140
102
104
120
130
106
117
Maximum at second-last minute
MAXIMAL EXERCISE
1C 02 5.4 mm Hg
Subj.
#
1
2
3
4
5
6
7
8
9
10
11
12 .
M
Time
(Min)
Air
18.0
19.0
18.0
15.8
15.0
13.0
11.0
11.0
20.0
16.0
22.0
16.6
16.3
CO2
17.0
21.0
17.8
14.0
14.0
11.0
10.0
10.0
20.0
13.0
20.0
18.0
15.5
Work
kpm/Min
Air
1425
1500
1425
1275
1200
900
900
900
1575
1275
1725
1350
1288
C02
1350
1650
1425
1125
1125
750
825
825
1575
1050
1575
1425
1225
Ventilation
L/Min
Air
123.1
144.9
149.9
136.6
146.4
85.6
95.6
125.7
122.3
172.0
141.5
96.5
128.3
co2
107.0
92.3
145.2
123.4
110.9
78.0
80.8
92.2
139.2
126.1
143.3
112.2
112.6
•
V02
L/Min
Air
3.267
3.481*
3.578
2.826
2.694
2.039
2,108
2.157
3.612**
2.971
3.645
3. 195
2.964^
CO2
3.194"*
3.570
3.329
2.618
2.379^
1.980*"
2.148*
1.717*
3.496
2.373*"
3.544
2.931*"
2.773
*
VC02
L/Min
Air
3.670
3.555
3.745
3.291
3. 303
2.163
2.486
2.-810
3.529
3.215
4.127
2.808
3.225
co2
3.280
3.400
3.598
3.145
2.682
2.186
1.943
2.405
3.990
2.606
3.720
2.777
2.978
Subj.
#
1
2
3
4
5
6
7
8
9
10
11
12
M
REB
Air
1.12
1.02
1.05
1.16
1.23
1.06
1.18
1.30
0.98
1.08
1.13
0.88
1.10
CO2
1.03
0.95
1.08
1.20
1.13
1.10
0.90
1.40
1.14
1.10
1.05
0.95
1.09
V*02
Air
37.7
41.6
41.9
48.3
54.4
42.0
45.3
58.3
33.8
57.9
38.8
30.2
44.2
C02
33.5
25.9
43.6
47.1
46.6
39.4
37.6
53.7
39.8
53.2
40.4
38.3
41.6
Heart Rate
per Min.
Air
197
176
179
199
205
172
178
197
177
167
186
168
183
co2
195
180
184
186
200
174
166
187
182
150
179
167
179
Systol. B. Pr.
mm Hg
Air
198
186
172
198
192
166
192
212
210
276
178
210
199
C02
186
188
170
178
178
174
190
190
206
244
188
216
192
Pulse Pr.
mm Hg
Air
106
110
90
110 .
134
90
90
124
136
146
114
120
114
co2
124
118
88
82
100
102
86
96
130
118
110
120
106
Maximum at second-last minute
Exercise Series:
Subject # 1
Control: Air
9.4 mmHg Appendix A-2
Work
300
600
750
900
1050
1200
1350
1500
1575
^02
0.491
0.896
1.129
1.415
1.537
2.556
2.902
3.197
3.289
Experiment: PICO
300
600
750
900
1050
1200
1350
1500
1575
0.553
1.017
1.124
1.435
2.176
2.640
2.968
2.987
3.197
*co2
0.412
0.793
1.035
1.312
1.529
2.543
2.793
3.473
3.859
9 . 4 mm Hg
0.390
0.776
0.995
1.323
2.104
2.538
2.756
3.510
3.485
R
0.84
0.88
0.92
0.93
1.00
1.00
0.96
1.09
1.17
0.71.
0.76
0.89
0.92
0.97
0.96
0.93
1.18
1.09
Vent.
15.69
24.25
31.42
38.78
45.56
78.80
91.10
123.06
143.30
21.25
35.30
40.13
51.54
81.54
96.60
101.22'
1 32 . 89
114.06
! HR
87
112
127
140
152
167
177
185
188
93
118
131
155
167
177
184
192
195
BP
130/62
142/60
146/60
168/60
172/54
186/56
198/56
202/68
210/70
128/68
148/62
158/60
174/58
180/54
194/58
200/60
200/72 „,
208/68
Exercise Series: PICO 9.4 mmHg
Subject # 2
Control: Air
Work
300
600
750
900
1050
1200
1350
^02
0.390
1.238
1.611
1.961
2.228
2.759
3.081
VC02
0.346
1.115
1.449
1.867
2.228
2.876
3.496
R
0.89
0.90
0.90
0.95
1 .00
1.04
1.14
Vent.
15.40
37.85
43.90
54.80
69.23
85.42
126.53
HR
83
111
126
132
147'
158
169
BP*
150/86
150/80
158/84
170/82
176/80
182/82
190/82
Experiment: P.ICO.
300
600
750
900
1050
1200
1275
1350
0.692
1.213
1.498
1.607
1.905
2.887
3.017
3.176
9.4 mmHg
0.498
0.952
1.251
1.441
1.784
2.804
3.345
3.386
0.72
0.79
0.84
0.90
0.94
0.97
1.11
1.07
23.37
38.60
44.48
51.62
58.64
94.71
124.42
149.93
85
109
118
132
144
158
164
170
126/82
138/76
154/78
160/78
162/82
170/80
180/76
184/82
Exercise Series: PICQ 9.4 mmHg
Subject # 3
Control: Air
Work
300
600
900
1050
1125
1200
^02
0.761
1.295
1.735
2.596
2.709
2.862
•
0.758
1.045
1.713
2.647
2.867
3.361
R
1.00
0.81
0.99
1.02
1.06
1.17
Vent.
41.29
47.30
62.67
99.16
108,33
125.89
HR
130
142
165
172
177
184
BP
136/86 .
146/86
172/88
186/88
182/90
176/88
Experiment: PT(~n 9. 4 mmHg
300
600
750
900
1125
1200
0.725
1.250
1.513
1.779
2.763
2.912
0.532
1.035
1.297
1.697
2.836
3.122
0.73
0.83
0.86
0.95
1.03
1.07
33.92
47.64
53.07
67.34
118.77
133.13
116
134
144
155
178
178
138/78
144/84
158/84
172/82
182/84
190/86
Exercise Series: PT/-100 9. 4 mmHg^ c»
Subject # 4
Control:
Work
300
600
750
900
1050
1200
1350
1425
Air
^02
0.815
1.381
1.683
1.956
2.078
2.9H
3.232
3.267.
•
v^/ v«/t*
0.773
1.239
1.537
1.863
2.089
2.824
3.453
3.670
R
0.95
0.90
0.91
0.95
1.01
0.97
1.07
1.12
Vent.
23.56
34.55
41.86
47.73
62.30
84.55
107.02
123.13
HR
126
142
148
162
177
187
192
197
BF
184/88
172/84
186/84
180/84
190/84
186/86
194/84
198/92
Experiment: PICO 9. 4 mmHg
300
600
750
900
1050
1200
1425
1500
0.829
1.112
1.250
1.656
1.758
2.819
3.321
3.484
0.717
0.947
1.082
1.456
1.682
2.899
3.554
3.839
0.87
0.85
0.87
0.88
0.96
1.03
1.07
1.10
26.86
29.89
34.07
43.57
53.73
92.76
121.66
131.22 .
125
142
148
164
174
187
199
202
176/96
180/94
184/86
184/86
192/86
192/86
200/86
206/86
Exercise Series: PIC/-V 9.4 mmHg
Subject # 5
Control: Air
Work
300
600
750
900
1050
1200
1350
1500
1575
•
0.644
1.189
1.468
1.871
1.998
2.591
2.960
3.481
3.410
Vco2
0.551
1.059
1.315
1.871
2.022
2.750
3.205
3.555
3.694
R
0.86
0.89
0.90
1.00
1.01
1.06
1.08
1.02
1.08
Vent.
20.38
35.61
42.75
60.76
69.27
91.89
130.03
144.92
150.25
HR
95
114
120
137
148
159
162
176
175
BP
126/78
142/76
144/78
154/72
158/74
176/74
172/76
186/76
182/78
Experiment: PICQ 9.4 mmHg
300
600
750
900
1050
1200
1350
1500
1575
1650
0.656
1.175
1.262
1.573
1.839
2.689
2.930.
3.397
3.376
3.718,
0.607
1.019
1.120
1.437
1.537
2.652
3.108
3.704
3.790
3.972
0.93
0.87
0.89
0.91
0.84
0.99
1.06
1.09
1.12
1.07
25.30
41.03
46.91
55.99
63.71
106.23
128.55
153.88
159.06
172.46
113
128
138
148
161
170
176
185
188
188
126/76
132/68
132/64
146/60
164/64
180/62
182/66
186/66
190/66
196/66/
Exercise Series: PT/--Q, 9.4mmHg
Subject # 6
Control: Air
Work
300
600
750
900
1050
1200
1350
1425
V
0,775
1.427
1.626
2. 112
2.396
2.605
3.172
3.578
Experiment: PICO
300
600
750
900
1050
1275
1350
0.822
1.388
1.675
2.042
2.243
2.995
3.073
•
VCOz
0.701
1.290
1.576
2.136
2.340
2.728
3.448
3.745
9.4 mmHg
0.566
1.167
1.564
2.034
2.164
2.983
3.258
R
0.90
0.90
0.96
1.01
0.98
1.05
1.09
1.05
0.69
0.84
0.93
1.00
0.97
1.00
1.06.
Vent.
26.65
42.23
49.70
70.48 .
83.08
95.22
133,84
149.94
27.66
45.99
61.10
87.98
91.85
139.13
163.94
HR
108
126
137
150
157
165
173
179
116
130
147
159
169
180
183
BP
122/72
134/74
140/72
148/76
156/76
162/74
168/80
172/82
128/86
146/80
150/86
154/86
174/86
186/84
192/86
Exercise Series:
Subject # 1
Control: Air
5. 4 mmHg
Work
300
600
750
900
1050
1200
1350
1425
%
0.815
1.381
1.683
1.956
2.078
2.911
3.232
3.267
Experiment: PICO 5.
300
600
900
1050
1200
1350
1425
0.796
1.200
1.954
2.172
2.223
3.194
3.015
•
VCOz
0.773
1.239
1.537
1.863
2.089
2.824
3.453
3.670
4 mmHg
0.620
1.023
1.845
2.178
2.205
3.280
3.371
R
0.95
0.90
0.91
0.95
1.01
0.97
1.07
1.12
0.78
0.85
0.94
1.00
0.99
1.03
1.12
Vent.
23.56
34.58
41.86
47.73
62.30
84.55
107.02
123.13
17.82
26.50
45.70
52.08
75.42
107.03
112.27
HR
124
141
150
163
176
185
190
196
112
137
169
179
187
198
203
BP
184/88
172/84
186/84
180/84
190/84
186/86
194/84
198/92
166/72
160/70
1.72/60
182/60
192/60
186/62
184/72
Exercise Series: P
Subject # 2
Control: Air
5.4 mmHg
Work
300
600
750
900
1050
1200
1350
1500
1575
V02
0.644
1.189
1.468
1.871
1.998
2.591
2.960
3.481*
3.410
Experiment: P,~^v 5
300
600
900
1200
1350
1575
1650
0.823
1.349
1.989
2.353
2.817
3.160
3.570
CO2
0.551
1.059
1.315
1.871
2.022
2.756
3.205
3.555
3.694
,4 mmHg
0.665
1.155
1.803
2.308
2.652
3.106
3.400
R
0.86
0.89
0.90
1.00
1.01
1.06
1.08
1.02
1.08
0.81 '
0.86
0.91
0.98
0.94
0.98
0.95
Vent.
20.38
35.61
42.75
60.76-
69.27
91.89
130.03
144.92
150.25
26.98
40.79
62.59
80.72
89.35
99.01
92.33
HR.
96
113
120 ,
136
149
158
168
179
176
100
124
145
168
165
177
180
BP
126/78
142/76
144/78
154/72
158/74
176/74
172/76
186/76
182/78
132/70
138/68
148/68
170/70
174/66
184/72
188/70
Exercise Series:
Subject # 3
Control: Air
5.4mmHg
Work
300
600
750
900
1050
1200
1350
1425
^02
0.775
1.427
1.626
2.112
2.396
2.605
3.172
3.578
Experiment: PT/-.Q 5
300
600
900
1200
1<350
1425
0.777
0.924
2.016
2.480
3.015
3.329
VC02
0.701
1.290
1.567
2.136
2.340
2.728
3.448
3.745
.4 mmHg
0.627
0.838
2.060
2.597
2.757
3.598
R
0.90
0.90
0.96
1.01
0.98
1.05
1.09
1.05
0.81
0.91
1.02
1.05
0.92
1.08
Vent.
25.65
42.23
49.70
70.48
83.08
95.22
133.84
149.94
27.05
33.53
80.27
94.10
100.13
145.17
HR
106
126
136
150
156
165
173
180
116
134
154
170
180
180
BP
122/72
134/74
140/72
148/76
156/76
162/74
168/80
172/82
116/74
122/76-
140/68
154/80
166/82
170/82
Exercise Series: PT^._. 5.4 mmHg
Subject # 4
Control: Air
Work
300
600
900
1050
1200
1275
•
0.873
1.232
1.809
2.179
2.488
2.826
Experiment: PTX-.Q -
300
• 600
900
1050
1125
0.769
1.268
1.760
2.290
2.618
VC02
0.802
1.087
1.965
2.343
2.916
3.291
>.4 mmHg
0.719
1.329
2.033
2.691
3.145
R
0.92
0.88
1.09
1.08
1.17
1.16
0.94
1.05
1.16
1.18
1.20
Vent.
25.27
34.83
58.24
72.42
106.01
136.62
27.01
43.36
66.58
95.71
123.37
HR
123
144
172
180
193
199
116
138
166
182
185
BP
134/74
142/70
172/76
184/86
192/82
198/88
120/80
136/84
154/92
172/95
178/96
Exercise Series: PICO 5.4 mmHg
Subject # 5
Control: Air
Work
300
600
750
975
1125
1200
V
°Z
0.823
1.051
1.684
2.212
2.453
2.694
Experiment: PICQ 5
300
600
750
900
1050
1125
1200
0.765
1.230
1.430
1.852
2.189
2.379*
2.042
Vco2
0.729
0.961
1.707
2.168
2.752
3.303
. 4 mm Hg
0.771
1.288
1.609
2.018
2.677
2.682
2.367
R
0.89
0.92
1.01
0.98
1.12
1.23
1.01
1.05
1.13
1.09
1.22
1.13
1.16
Vent.
25.54
28.97
52.03
73.68
104.43
146.42
27.58
43.38
54.88
69.42
102.74
110.85
1 02 . 33
HR
132
150
170
197
205
208
113
150
173
180
195
199
204
BP
148/70
156/62
156/62
178/64
188/66
192/58
136/108
156/74
162/74
164/66
176/72
178/78
180/76
Exercise Series: PT/-.Q 5.4 mmHg
Subject # 6
Control: Air
Work
150
450
600
825
900
V02
0.509
0.983
1.545
1.759
2.039
VC02
0.385
0.819
1.322
1.914
2.163
R
0.76
0.83
0.86
1.09
1.06
Vent.
17.14
28.90
45.53
67 . 04
85.60
HR
92
136
160
169
172
BP
116/80
130/82
150/74
174/76
166/76
Experiment: PICQ 5.4 mmHg
150
450
675
750
825
0.522
1.027
1.441
1.980*
1.559
0.456
1.036
1.618
2.186
1.873
0.87
1.01
1.12
1.10
1.20
18.75
36.28
54.41
78.04
79.19
98
147
169
174
178
119/82
140/80
160/84
170/94
172/84
Exercise Series: P
Subject # 7
Control: Air
5.4 mmHg
Work
300
600
750
825
900
%
0.886
1.403
1.664
1.844
2.108
*Vco2
0.807
1.538
1.845
2.027
2.486
R
0.91
1.10
1.11
1.10
1.18
Vent.
25.47
48.45
61.65
70.41
95.55
HR
104
145
160
169
178
BP
142/90
172/100
180/92
191/95
192/100
Experiment: PTr./~» 5. 4 mmHg
300
600
750
825
900
1.154
1.451
2.081
2.148*
1.934
0.967
1.241
1.804
1.943
1.979
0.84
0.86
0.87
0.90
1.02
34.32
47.11
73.37
80.80
83.27
109
141
158
165
169
144/90
170/92
184/100
190/104
196/96
Exercise Series: PTr,,~ 5.4 mmHgICO2
Subject # 8
Control: Air
Work
300
600
750
825
900
Vo2
0.754
1.038
1.708
1.944
2.157
' Experiment: PJCQ 5.
300
600
750
825
900
0.733
1.121
1.328
1.717*
1.698
Vco2
0.809
1.102
2.048
2.356
2.810
4 mmHg
0.799
1.192
1.660
2.405
2.675
R
1.07
1.06
1.20
1.21
1.30
1.09
1.06
1.25
1.40
1.58
Vent.
22.77
32.04
68.99
83.97
125.70
27.30
40.47
59.42
92.20
122.06
HR
127
163
181
188
197
134
170
177
185
185
BP
144/76
184/84
200/88
208/88
210/82
150/84
170/86
196/90
190/94
190/96
Exercise Series: PTQQ- 5.4 mmHg
Subject # 9
Control: Air
Work
300
600
750
900
1050
1200
1350
1500
1575
1650
•
0.936
1.324
1.664
1.958
2.312
2.782
2.968
3.103
3.612*
3.555
Vco2
0.708
1.030
1.424
1.670
2.060
2.580
3.088
3.125
3.529
3.613
R
0.76
0.78
0.86
0.85
0.89
0.93
1.04
1.01
0.98
1.02
Vent.
23.00
31.26
43.76
53.06
64.50
- 82.90
108.91
109.67
122.25
107.81
HR
91
115
129
138
152
163
168
175
177
178
BP
130/68
148/68
162/70
172/72
172/72
182/72 '
190/72 i
204/74
210/74
214/74 i
Experiment: PTro 5. 4 mmHg '
300
600
750
1050
12'00
1350
1575
0.931
1.123
1.764
2.232
2.549
2.812
3.496
Exercise Series: PTr,rJLL/L
0.861
1.082
1.603
2.233
2.538
2.819
3.990
0.92
0.96
0.91
1.00
1.00
1.00
1.14
28.17
34.88
48.55
75.16
87.63
97.33
139.20
88
114
124
152
158
168
182
132/70
148/72
150/70
170/70
180/72
190/70
206/76
. 5.4 mm Hg
Subject #10
Control:
Work
300
600
750
900
1050
1125
1200
1275
Air
V
°2
1.118
1.409
2.018
2.158
2.505
2.749
2.614
2.971
Experiment: PICQ 5
300
600
750
900
1050
1125
1.025
1.228
1.685
1.956
2.373*
2.280
VCO2
1.010
1.220
1.954
2.152
2.569
2.940
2.935
3.215
.4 mmHg
0.869
1.148
1.650
2.030
2.606
2.766
R
0.90
0.87
0.97
1.00
1.03
1.07
1.12
1.08
0.85
0.93
0.98
1.04
1.10
1.21
Vent.
40.27
47.87
79.99
92.28
104.96
135.11
148.40
172.00
39.27
50.39
72.32
89.47
126.13
150.49
HR
115
123
133
144
152
157
166
168
111
123
128
139
150
160
BP
150/100
170/93
185/112
200/116
211/118
216/126
220/122
234/130
153/106
198/105
210/114
232/120
235/132
240/128
Exercise Series: PICO 5.4mmHg
Subject #11
Control: Air
Work
300
600
750
900
1050
1200
1350
1500
1575
1650
1725
V
0.765
1.036
1.238
1.748
1.932
2.527
2.794
3.018
3.217
3.320
3.645
VC02
0.602
0.9H
1.306
1.604
1.893
2.472
2.736
3.076
3.272
3.582
4. 127
R
0.79
0.88
1.05
0.92
0.98
0.98
0.98
1.02
1.02
1.08
1.13
Vent.
19.07
28.14
38.71
45.50
55.08
73.64
84.22
95.46
100.08
106.81
141.45
HR
93
115
123
140
147
153
163
175
180
182
185
BP
130/70
134/70
138/66
138/66
146/68
154/66
164/64
172/64
172/66
174/66
178/64
Experiment: PT^Q 5.4 mmHg
300
600
750
900
1050
1200
1350
1425
1500
1575
0.846
0.960
1.454
1.668
1.993
2.566
3.018
3.253
3.406
3.544
0.627
0.809
1.292
1.508
1.978
2.560
3.019
3.420
~ 3.561
3.720
0.74
0.84
0.89
0.90
0.99
1.00
1.00
1.05
1.05
1.05
23.54
28.61
43.84
51.11
68.82
89.03
108.51
135.95
141.16
143.33
94
120
129
144
149
162
170
177
182
184
130/78
136/72
138/74
150/72
156/74
166/74
174/74
176/76
178/74
188/78
Exercise Series: PT/-,^. 5.4 mmHgIOO2
Subject #12
Control: Air
Work
300
600
750
900
1050
1200
1350
*02
0.986
1.337
1.734
2.041
2.265
2.744
3.195
vC02
0.794
1.147
1.655
1.799
2.022
2.586
2.808
R
0.81
0.86
0.95
0.88
0.89
0.94
0.88
Vent.
28.51
41.34
63.20
68.38
74.74
100.31
96.45
HR
104
126
137
146
156
161
168
BP
148/98
172/98
180/92
190/98
198/94
204/94
210/90
Experiment:
300
600
900
1050
1200
1350
1425
1500
1,
2,
0.950
0.846
,900
.718
2.524
2.729
2.931^'
2.652
5.4 mmHg
0.768
0.732
1.700
2.442
2.476
2.708
2.777
2.532
0.81
0.87.
0.89
0.90
0.98
0.99
0.95
0.95
30.09
28.53
63.24
88.88
97.02
105.40
112.16
101.44
93
112
134
140
153
158
166
170
138/90
164/96
186/92
194/98
208/92
212/90
216/96
220/98
Exercise Series: PT~,.~ 15 mmHgJLv_/VJo
Subject # 1
Control: Air
Work
300
600
900
1050
1125
1200
V
0.944
1.360
2.029
2.379
2.550
2.595
Experiment: PJCQ-
300
600
900
1050
0.881
1.413
1.887
2.317
VC02
0.901
1.235
1.924
2.193
2.976
3.169
15 mmHg
0.616
1.181
1.761
2.208
R
0.95
0.91
0.95
0.92
1.17
1.22
0.70
0.84
0.93
0.95
Vent.
30.63
44.66
76.60
95.96
125.80
145.63
37 . 05
61.22
95.61
136.82
HR
115
134
157
168
170
185
106
115
148
170
BP
136/86
140/90
160/100
184/100
182/92
184/80
140/100
154/114
178/130
190/100
Exercise Series: PTr
.Lv-i
O 15 mmHg
Subject # 2
Control:
Work
300
600
750
900
1050
1200
1350
1500
157-5
Air
v
°2
0.885
1.270
1.577
2.069
2.166
2.638
2.971
3.346
3.484
Experiment: PICO?
300
600
750
900
1050
1200
1350
1500
0.852
1.195
1.534
1.910
2.150
2.474
2.923
2.841
VC02
0.846
1.200
1.592
2.040
2.369
2.879
3.321
3.936
4.122
15 mmHg
0.589
1.063
1.520
1.771
2.296
2.503
3.520
3.302
R
0.96
0.95
1.01
0.99
1.09
1.09
1.12
1.18
1.18
0.69
0.89
0.99
0.93
1.07
1.01
1.20
1.16
Vent.
22.90
34.08
44.37
57.24
65.62
88.07
99.60
156.94
177.31
30.44
45.04
58.65
72.99
90.97
101.42
152.88
157.26
HR
91
111
123
123
145
164
165
180
186
100
116
130
142
155
163
175
176
BP
136/80
158/88
166/86
186/88
200/88
216/88
220/88
224/94
205/90
142/82
158/90
176/88
190/94
202/96
222/94
228/94
208/98
Exercise Series: PT_
Subject # 3
Control; Air
Work I O2
300 0.919
600 1.276
750 1.647
900 1.842
1050 2.112
1125 2.439
1200 2.451
Experiment: PICO? 1
300 0.900
600 1.244
750 1.567
900 2.043
1050 2.254
15 mmHg
«
0.930
1.424
1.848
1.895
2.556
2.644
2.741
5 mmHg
0.740
' 1.111
1.422
2.106
2.378
R
1.01
1.12
1.12
1.03
1.21
1.08
1. 12
0.82
0.89
0.91
1.03
1.06
Vent.
25.46
39.62
52.74
60.69
82.40
94.64
92.99
48.14
65.89
82.58
103.30
128.44
HR
123
139
155
165
177
182
188
156
164
173
177
189
EP
154/94
162/90
172/80
190/88
196/84
192/86
200/96
178/98
19.0/94
200/94
212/92
208/96
Exercise Series: PT/-O 15 mmHg
Subject # 4
Control: Air
Work
300
600
750
900
1050
1200
1350
1500
1575
*02
1.051
1.400
1.698
1.933
2.208
2.564
2.860
3.601
3.514
Vco2
0.979
1.381
1.636
2.063
2.201
2.480
3.321
3.353
3.890
R
0.93
0.99
0.96
1.07
1.00
0.97
1.16
0.93
1.11
Vent.
40.04
45.59
56.46
65.68
77.87
89.99
111. 15
152.54
167.69
HR
114
134
147
160
107
175
180
185
192
BP
138/88
154/88
154/88
174/90
174/90
188/90
190/96
194/92
198/96
Experiment: P-rp^ 15 mmHg
300
600
750
900
1050
1350
1425
0.930
1.235
1.664
1.935
2.248
2.359
2.611
0.741
1.557
1.769
2.303
2.471
2.547
2.933
0.80
1.26
1.06
1.19
1. 10
1.08
1.12
41.70
58.61
84.91
91.36
106.16
124.56
161.30
117
136
145
158
166
181
180
146/84
168/94
170/96
188/92 .
190/96
202/96
196/96
Exercise Series: PTp/-v? 15 mmHg
Subject # 5
Control: Air
Work '
300
600
750
900
1050
1125
^02
0.953
1.395
1.755
2.035
2.488
2.718
VC02
0.806
1.438
1.843
2.158
2.836
2.804
R
0.85
1. 03
1.05
1.06
1.14
1.03
Vent.
28.73
50.33
60.29
75.45
103.32
111.11
HR
142
163
174
182
194
197
BP
168/98
188/96
204/102
214/102
216/106
218/106
Experiment: PT/-*/~J 15 mmHg
300
600
750
900
1050
1200
Exercise
Subject #
Control:
Work
300
600
750
1050
1125
1200
0.902
1.324
1.591
1.939
2.480
2.353
Series: P
lOv
6
Air
0.779
0.967
1.693
2.482
2.480
2.680
Experiment: PTrr) 1
300
600
900
1050
1200
1275
0.745
1.235
1 . 862
2.216
2.525
2.640
0.835
1.386
1.750
1.929
2.629
2.442
~ 15 mmHg
Ci
VC02
0.729
0.890
1.770
2.668
2.739
3.025
5 mmHg
0.712
1.239
2.094
2.740
2.998
3.053
0.93
1.05
1.10
1.00
1.06
1.04
R
0.94
0.92
1.05
1.08
1.10
1.13
0.96
1.00
1.13
1.24
1.19
1.16
47.87
69.74
89.98
104.26
140.38
111.13
Vent.
24.19
28.84
49.97
86.19
88.19
104.94
31.50
51.04
.77.21
105.56
118.60
141.78
121
144
164
178
192
197
HR
125
148
164
185
189
196
119
140
168
180
190
194
150/78
166/80
186/92
200/84
210/90
212/100
BP
136/78
150/72
162/76
176/72
174/76
178/76
134/70
142/70
158/70
160/68
180/78
183/80
Exercise Series: PT_ 15 mmHg
'
U2
Subject # 7
Control:
Work
300
600
750
900
1125
1275
1350
Air
V
0.861
1.276
1.599
1.860
2.325
2.732
2.729
Experiment: PTf-/-)
300
600
750
900
1050
1125
1.002
1.419
1.674
1.926
2.078
2.080
Exercise Series: PT/_
iV.
VC02
0.854
1.300
1.721
1.880
2.546
3.280
3.165
1 5 mm Hg
._
—
_ _
1.789
2.402
2.785
R
0.99
1.02
1.08
1.01
1.10
1.20
1 . 16
..
_ -
_ -
0.93
1.16
1.34
Vent.
28.34
40.98
52.53
65.32
95.12
129.45
136.50
45.09
62.29
73.23
92.61
122.94
126.90
HR
99
120
134
154
175
184
186
103
128
142
162
176
178
BP
146/72
160/76
168/78
186/80
200/86
200/94
194/90
146/72
. 160/80
170/84
176/94
180/90
192/94
.^ 15 mmHg
'°2
Subject # 8
Control:
Work
300
600
900
1050
1275
1350
Air
^02
0.947
1.425
2.043
2.554
3.671
3.500
VC02
0.729
1.244
2.043
2.623
3.821
3.574
R
0.77
0.87
1.00
1.03
1.04
1.02
Vent.
28.29
41.75
64.74
81.13
124.67
121.78
HR
108
124
147
160
. 180
183
BP
150/96
160/102
186/100
200/108
210/100
220/98 '
Experiment: PTf-o 15 mmHg
300
600
900
1050
1200
1275
1350
1.075
1.455
2.059
2.620
3.105
3.200
2.951
— •
« •.
«. _
.. .
3.188
3.373
2.749
«. .
~ .
. *
. —
1.04
1.05
0.93
43.31
54.91
72.91
87.75
116.78
121.83
81.68
106
123
155
161
176
185
203
170/104
176/110
206/114
220/112
242/116
244/114
242/118
Exercise Series: P1f
AN.
•,n 15 mmHg
'
U2
Subject # 9
Control:
Work
3-00
600
750
900
1200
1500
1575
Air
V
°2
0.803
1.319
1.626
1.913
2.546
3.331
3.354
Experiment: P-r,-^iL/U2
300
600
750
900
1200
1425
1500
0.933
1.374
1.604
1.899
2.625
2.969
2.987
VC02
0.824
1.328
1.638
2.089
2.734
4.006
3.882
15 mm Hg
0.871
1.327
1.604
1.846
2.508
3.176
3.061
R
1.03
1.01
1.01
1.09
1.07
1.20
1716
0.93
0.97
1.00
0.97
0.96
1.07
1.03
Vent.
26.41
37.72
46.62
58.52
91.46 '
157.48
157.82
39.29
60.26
72.93
86.45
121.77
168.58
140.61
HR
111
124
138
153
174
190
191
110
117
127
140
164
181
181
BP
128/82
134/88
142/84
160/80
176/76
192/84
190/78
120/80
136/76
142/76
146/72
178/80
186/90
192/90
Exercise Series: PICO 15 mmHg
Subject #10
Control: Air
Work
300
600
750
1125
1275
1350
1425
%
0.747
1.395
1.699
2.467
2.806
3.010
2.781
Vco2
0.590
1.162
1.267
2.075
2.633
3.480
3.076
R
0.79
0.83
0.75
0.84
0.94
1.16
1.1.1
Vent.
23.65
44.21
52.72
96.19
156.07
176.82
163.85
HR
99
113
,121
147
161
165
173
BP
165/90
175/90
180/100
250/105
240/110
220/110
230/110
Experiment: PT/-O 15 mmHg
600
900
1050
1200
1275
1.254
' 1.831
2.186
2.516
2.468
1.039
1.573
1.775
2. 139
2.072
0.83
0.86
0.81
0.85
0.84
60. 30
93.34
116.70
170.90
162.45
128
132
142
156
160
196/128
210/130
214/130
230/140
233/134
Exercise Series: P
Subject # 11
Control: Air
IC02 15 mmHg
Work
300
6'bO
900
1050
1200
1350
1500
•
0.796
1.373
1.889
2.246
2.531
2.957
3.344
v
CC>2
0.810
0.999
1.523
1.917
2.284
3.170
3.789
R
1.02
0.73
0.81
0.85
0.90
1.07
1.13
Vent.
20.28
33.45
45.21
55.06
75.77
98.79
142.82
HR
105
124
145
151
161
181
188
BP
136/80
154/72
174/80
180/84
184/86
190/90
184/94
Experiment: PT^^ 15 mm Hg
300
600
900
1200
1500
0.960
1.425
2.017
2.636
3.101
w' ••
_ _
_ —
_ _
2.920
„ ^ *
_-
_ -
_ _
0.94
40.41
55.44
71.41
89.79
130.76
118
133
147
166
184
152/88
160/90
178/98
194/94
194/100
Exercise
Subject #
Control:
Work
300
600
750
900
1050
Series: P,~r
J.V_/v.
12
Air
•
0.918
1.423
1.724
1.977
2.571
1 5 mm Hg
\
Vco2
0.951
1.605
1.962
2.197
2.669
R
1.04
1.13
1.14
1.11
1.04
Vent.
29.05
46.08
58.98
67.35
88,13
HR
127
146
160
170
178
BP
176/98
186/98
206/88
214/96
228/96
Experiment: PT__ 15 mmHg
-LC^/tJo
300
600
750
900
1050
1125
1200
0.919
1.301
1.579
1.914
2.114
l'.834
2.279
0.855
1.383
1.670
1.893
2.513
2.202
2.631
0.93
1.06
1.06
0.99
1.19
1.20
1.16
39.60
57.29
68.47
89.00
107.37
115.58
128.28
119
140
. 152
165
175
178
182
166/92
192/84
208/84
220/88
238/86
238/84
240/84
BMR Tests Appendix A-3
EXPERIMENTAL: PICQ2 5.7 mmHg
Subj. #
A
1
2
3
4
5
M
B
1
2
3
4
5
M
VI
6.75
6.55
10.70
5.48
4.67
6.83
7.49
6.55
10.05
7.08
4.54
7.14
I
5.5
5.5
12.5
•9 .5
12.5
9.1
5.0
6.0
13.5
10.0
10.0
8.9
VT
1.23
1.19
0.86
0.58
0.37
0.85
1.50
1.09
0.74
0.71
0.45
0.90
V02
.194
.229
.268
.205
.152
.210
.211
.237
.274
.241
.153
.223
VC02
.142
.200
.208
.145
.111
. 161
.155
.190
.205
.193
.125
.174
R
.73
.87
.78
.71
.73
.76
.73
.80
.75
.80
.82
.78
PC02
30.2
39.9
31.3
38.9
40.9
36.2
30.3
39.3
32.5
39.6
41.0
36.5
P02
95.5
86.0
94.6
83.4
83.1
88.5
94.0
86.9
93.1
86.5
83.0
88.7
W
34.8
28.6
39.9
26.7
30.7
32. 1
35.5
27.6
36.7
29.4
29.9
31.8
%
4.97
5.05
6.98
3.74
2.72
4.69
5.40
4.88
' 6.57
4.91
3.06
4.96
v /vA / V I
.74
.77
.65
.68
.58
.68
.72
.75
.65
.69
.67
.70
M(A+B) 6.99 9.0 0.87 .216 .167 .77 36.4 88.6 32.0 4.83 .69
BMR Tests
CONTROLS: Air (to 5.7)
Preceding experiment --
Subj. # Vj .
C j
2
3
4
5
M
D l
2
3
4
5
M
6.43
6.05
9.74
6.01
4.47
6.54
Following
6.40
5.85
9.19
5.41
4.09
6.19
f
5.0
5.5
12.0
8.0
12.0
8.5
VT
1.29
1.10
0.81
0.75
0.37
0.86
*02
.200
.246
.293
.231
.154
.225
VC02
.156
.206
.236
.195
.116
.182
R
.78
.84
.81
.84
.75
-.80
PC02
28.5
39.4
31.0
39.0
38.9
35.4
P02
87.7
78.0
86.9
79.5
77.9
82.0
V*02
32.2
24.6
33.2
26.0
29.0
29.0
A
4.72
4.51
6.57
4.32
2.57
4.54
V*i
.73
.75
.67
.72
.57
.69
experiment -- ;
4.5
6.0
10.5
10.0
10.0
8.2
1.42
0.98
0.88
0.54
0.41
0.85
.203
.234
.264
.206
.153
.212
.153
.193
.221
.155
.116
.168
.75
.82
.84
.75
.76
.78
28.1
38.4
30.2
37.1
40.0
34.8
86.5
77.4
87.6
78.3
77.3
81.4
31.5
25.0
34.8
26.3
26.7
28.9
4.70
4.34
6.32
3.61
2.50
4.29
.73
.74
.69
.67
.61 !
.69
M(C-t-D) 6.36 8.4 0.86 .218 .175 .79 35.1 81.7 28.9 4.42 .69
BMR Tests
EXPERIMENTAL: PICO2 7.5 mmHg
Subj. #
A l
2
3
4
5
6
7
8
9
10
M
B l
2
3
4
5
6
7
8
9
10
M
*i
8.61
7.67
8.01
7.22
10.34
5.85
8.57
6.50
3.30
6.58
7.27
8.06
7.44
6.73
7.15
11.76
6.05
7.22
5.52
4.07
6.28
7.03
f
10.5
5.5
11.0
11.0
9.0
7.0
7.0
6.5
6.5
12.0
8.6
8.5
5.0
9.0
12.5
13.0
7.5
6.5
5.5
5.5
10.5
8.4
VT
0.82
1.40
0.73
0.66
1.15
0.84
1.22
1.00
0.51
0.55
0.89
0.95
1.49
0.75
0.57
0.90
0.81
1.11
1.00
0.74
0.60
0.89
*02
.279
.263
.258
.234
.314
.211
.242
.225
.110
.199
.234
.255
.259
.241
.238
.300
.227
.196
.197
.146
.192
.225
VC02
.201
.213
.206
.180
.218
.164
.182
.174
.094
.155
.179
.191
.199
.180
.172
.213
.174
.146
.148
.109
.143
.168
R
.72
.81
.80
.77
.69
".78
.75
.77
.85
.78
.77
.75
.77
.75
.72
.71
.77
.74
.75
.75
.74
.75 •
PC02
38.1
39.8
38.7
39.3
33.5
40.6
32.4
37.4
42.0
36.6
37.8
37.1
38.5
40.0
38.5
32.1
41.5
31.2
37.8
40.9
37.1
37.5
P02
84.1
83.6
86.9
83.5
86.8
80.2
90.0
84.9
78.8
87.0
84.6
83.3
82.2
80.2
83.5
91.9 .
78.2
91.4
81.5
80.. 4
84.7
83.7
V*C2
30.9
29.2
31.1
30.9
32.9
27.7
35.4
28.9
30.0
33,1
31.0
31.6
28.7
27.9
30.0
39.2
26.7
36.8
28.0
27.9
32.7
31.0
VA
5.64
5.66
5.67
4.86
7.20
4.22
6.27
4.96
2.34
4.54
5.14
5.54
5.51
4.75
4.76
7.44
4..37
5.24
4.16
2.82
4.11
4.87
VVT
.66
.74
•71
.67
.70
.72
.73
.76
.71
.69
.71
.69
.74
.71
.67
.63
.72
.73
.'75
.69
.65
.70
M(A+B) 7.15 8.5 0.89 .230 .174 .7.6 37.7 84.2 31.0 . 5,01 .71
BMR Tests
CONTROLS: Air (to 7.5)
Preceding experiment --
Sabj. t
C l
2
3
4
5
6
7
8
9
10
M
Dl
2
3
4
5
6
7
8
9
10
M
> *l
6.84
6.53
6,, 32
6.34
9.83
4.91
5.62
4.90
3.60
5.39
6.03
Following
7.85
6.37
6.59
5.89
9.26
5.22
6.18
4.45
3.15
5.66
6.06
f
8.0
4.0
8.5
11.0
9.5
7.0
5.0
6.0
6.0
11.5
7.7
VT
0.86
1.63
0.74
0.58
1.03
0.70
1.12
0.82
0.60
0.47
0.86
*02
.255
.263
.239
.243
.304
.203
.184
.188
.147
.187
.221
VC02
.190
.223
.197
.177
.232
.163
.142
-.155
.110
.148
.174
R
.75
.85
.82
.73
.76
""". 80
.77
.82
.75
.79
.78
PC02
34.6
38.7
38.3
36.7
30.8
39.9
29.0
35.7
38.8
36.4
35.9
P02
79.0
76.1
78.0
76.6
86.3
77.1
85.6
80.1
76.8
78.6
79.4
Wot
26.8
24.8
26.4
26.1
32.3
24.2
30.5
26.1
24.5
28.8
•
27.1
A
4.74
4.97
4.44
4.16
6.50
3.53
4.23
3.75
2.45
3.51
4.23
V^r
.69
.76
.70
.66
.66
•
72
.75
.77
.68
.65
f:
.70
experiment --
8.0
4.0
9.0
11.0
14.0
8.0
5.5
6.0
6.5
11.5
8.4
0.98
1.59
0.73
0.54
0.66
0.65
1.12
0.74
0.48
0.49
0.80
.295
.274
.244
.209
.294
.212
.206
.183
.124
.196
.224
.226
.215
.200
.172
.208
.160
.164
.144
.098
.156
.174
.77
.78
.82
.82
.71
.75
.80
.79
.79
.80
.78
36.9
39.0
37.5
38.4
30.7
39.5
31.4
36.6
39.7
35.6
. 36.5
78.6
76.6
80.4
79.5
84.2
75.2
84.0
79.0
76.3
81.9
79.6
26.6
23.2
27.0
28.2
31.5
24.6
30.0
24.3
25.4
28.9
27.0
5.29
4.76
4.60
3.87
5.85
3.50
4.51
3.40
2.13
3.78
.4.17
.67
.75
.70
.66
.63
.67
.73
.76
.68
.67
.69
M(C+D) 6.05 8.1 0.83 .223 .174 .78 36.2 79.5 27.1 4.20 .70
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Section
B . The Relationship Between Heart Rate and Metabolic Rate
I, Procedures for Calibrating an Individual
Since the heart rate changes in direct and close relation with changes
in metabolic rate, it has been used to estimate the energy cost and therefrom
the activity level an individual is engaged in by monitoring his heart rate.
In view of the wide variability between individuals in their HR /MR relation-
ship, it is necessary to "calibrate" each one by having him perform several
different levels of exercise under controlled conditions and measuring his
metabolic rate and heart rate at the same time.
Two different methods for calibrating an individual have been explored.
In one of them the heart rate is monitored continuously with a cardiotachometer
and the work load is adjusted so as to maintain a steady heart rate at different
levels, e.g. at 120, 140, and 160 beats per minute, and oxygen consumption
is determined at each heart rate level. This provides the minimum three
points to establish the HR/MR calibration line. This procedure will be re-
ferred to in the following as the heart rate control method. It can be performed
manually as on a mechanical ergometer or automatically by electronic circuitry
on electrically energized devices such as the Collins ergometer. Another
means of obtaining the necessary information is to have the subject work at
three different-work rates, e.g. 300, 600, and 900 kpm/min, and take simul-
taneous measurements of heart rate and gas exchange at each work level.
This is referred to as work rate control.
With the three point work rate control, the level and spacing of the
work stages have to be chosen individually so as to obtain points that are
appropriately distributed and are within the subjects maximal work capacity.
This complication is avoided in a modification of the work rate control
principle using small work increments starting at a minimum level of 300
kpm/min for three minutes and increasing the brake load on the ergometer by
75 kpm/min every minute until the subject approaches or reaches his maximal
work capacity. Measurements can be taken every minute or at greater inter-
vals so as to accumulate at least four, preferably more, properly spaced
points over the gamut of the subject's work capacity. This work capacity test
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has been in routine use in this laboratory for 15 years and the results
on several hundred men of different ages are reported later in this
section (B-HI).
In the present study a comparison was made between the heart
rates versus metabolic rates obtained using heart rate control, either
automatic on the Collins bicycle ergometer or manual on the mechanical
Monark ergometer, and work rate control using the incremental work
capacity test just described.
The first six subjects performed a maximal work capacity test on
the Monark ergometer during which heart rate was measured every minute
and metabolic rate determined at 6 - 9 points including maximal aerobic
power, usually in the last minute of the test. The same subjects then worked
on the Collins ergometer on another day using automatic heart rate control
set for 6 minutes each at heart rates of 120, 140, and 160 beats per minute.
Expired air was collected during the sixth minute of each stage and an ECG
taken to document the exact heart rate. At the same time the work rate
was read off the digital work accumulator on the Collins control console.
Four subjects also performed an analogous heart rate controlled test at the
same heart rates, but these were adjusted manually on the brake guided by
a digital read-out cardiotachometer (Gilford, Model 121). The results of
the tests with the manual (Monark) and the automatic (Collins) heart rate
control are summarized with the mean values for work rate (kpm/min) and
oxygen consumption (VO2> L/min) in Table B-I. '
Table B-I Mean Values with Heart Rate Control
Monark
Collins
Diff.
•
HR Work VO2
121 656 1.337
120 636 1.470
-1 -20 +.133
-.8% -3% +10%
•
HR Work VO2
140 1031 1.912
140 774 1.927
-257 +.015
-25% +.8%
•
HR Work VO2
163 1106 2.422
161 1012 2.608
-2 -94 +.186
-1.2% -8% +8%
The comparison indicates that at close to 120 heart rate, metabolic
rate was 10% higher and the indicated work slightly lower on the Collins
4.00
L/min
3.00
2.00
1.00
Max. Work Test (Monark)
Heart Rate Control (Monark)
Heart Rate Control (Collins)
I j.
300 600 900
Work, kpm/min
Fig. B-l
1200 1500
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machine. At HR 140 metabolic rate was the same in both, but the work
rate was 25% lower on the Collins. There was a similar discrepancy in
oxygen consumption and work performed at HR 163. In order to clarify
whether these differences were due to the way the heart rate control was
performed in these tests or whether it was inherent in the machines them-
selves, all data for oxygen consumption versus work including those
measured during the work capacity test were combined in regression
equations for each of the three modes employed in the study, where VO2
L/min is y and x is work in kpm/min.
For the maximum work capacity test (n = 47),
y= -.156 + .00233x
For manual HR control (Monark) (n = 12),
y= -.066 + .00222x
For the Collins, automatic HR control (n = 18),
y= -.035 + .00252x
These regressions are plotted in Fig. B-l showing that oxygen con-
sumption per unit of work is considerably higher on the average in the work
on the Collins ergometer than in either the manual heart rate controlled tests
or the work capacity tests on the Monark, both of which have very similar
regression lines.
Since the determination of oxygen consumption was performed in exactly
the same way (Douglas bags and Scholander duplicate analyses) in all tests,
there are only two possible explanations for the discrepancy. First, the
calibration of either or both ergometers may have been in error. On the
Monark device calibration is purely mechanical and very simple (w. von Dobeln,
J. Appl. Physiol. 7:22, 1954). With the Collins machine it is more compli-
cated and requires a special calibrating device. This was used according
to the manufacturer's instructions prior to the tests. The other possibility
is a genuine difference in the mechanical efficiency of work between the
two ergometers in terras of actual work performed relative to the energy cost
associated with it. Comments by the subjects and personal experience are
200
H.R.
per min
150
100
500
—— Max. Work Test (Monark)
— Heart Rate Control (Monark)
Heart Rate Control (Collins)
I 1 i
1.00 2.00
,L/min
3.00
Fig. B-2
200
H.R.
per min
150
100
50
-Max. Work Test (Monark)
: Heart Rate Control (Collins)
I 1 I
o .20 .40 .60 .80 1.00
Fig. B-3
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to the effect that the same work load on the Collins is more laborious
and uncomfortable because of the absence of the fly-wheel effect inherent
in real bicycles and also in the Monark ergometer.
Fig. B-2 shows the mean calibration curves obtained in the three
different modes of work. These were also computed as average regres-
sion lines for the three groups. The corresponding equations are for
HR (y) and V^' (x).
Maximum work capacity test (n = 47),
y = 90.3 +28.77x
Manual HR control (Monark) (n = 12), ;
y= 86.6 +28.85x
Automatic HR control (Collins) (n = 18),
y = 90.4 + 24.82x
At medium and higher metabolic rates the mean heart rate is lower
in the heart rate controlled tests on the Collins than in both of the other
conditions, which run closely parallel to each other. This result may also
reflect a lower mechanical efficiency of work on the Collins, since heart
rate correlates more closely with work performed than with oxygen con-
sumption and, as pointed out above, the work measured for a given "v"--
was lower on this machine. The difference in heart rate is even more
pronounced when it is plotted as a regression versus fractions of maximal
* •
aerobic power ("V~7/V07 . in Fig. B-3. This minimizes the effect of
vx« \*J& ITlelX/
differences in size and physical fitness of the subjects. The regressions in
this figure represent means of the 6 subjects who performed the maximum
work capacity test and also the heart rate controlled test on the Collins. It
is apparent that at half of maximal capacity the heart rate is 10 beats lower
on the Collins with HR control than on the Monark with work rate control.
At 0.8 of maximal the difference is 15 beats.
The implications of these results, namely that subtle differences in
the form of work performed may affect the HR/MR calibration line, are
elaborated on in the following part of this section.
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II. The Relationship Between Heart Rate, Ventilation and
Metabolic Rate in Different Forms of Submaximal Exercise
Cardiac output is considerably lower in the supine than in the erect
posture both at rest and during exercise (Wade and Bishop, Cardiac Output
and Regional Bloodflow. F. A. Davis, Philadelphia, 1962) and the effects
of posture on the resting heart rate were well known to the ancient physician.
Recently Simmons and Shephard (Int. Z. Angem. Physiol. 29: 159, 1971)
reported that heart rate during submaximal exercise using the arms only
was considerably higher than in work involving only the legs at comparable
energy expenditure. Obviously cardiac function is markedly affected by the
attitude of the body relative to the earth's field of gravity as well as the
type of work that is being performed besides the actual energy requirements.
If an attempt must be made to estimate the activity level and metabolic
rate of an individual from his heart rate these factors must be taken into
consideration with a view to making appropriate adjustments in the evalua-
tion of the individual's energy expenditure. In the following series of
experiments observations were made on the relationship between heart
rate (HR), Ventilation(VI), and metabolic rate (MR) in the supine, erect,
and sitting posture at different submiximal levels of exercise involving legs
only, arms only, and work involving both together on a rowing machine.
Procedure:
Since the HR v. MR relationship varies markedly from one individual
to another depending upon his size, age and physical condition, it was decided
to minimize these factors by relating heart rate and other parameters during
• •
exercise to energy cost relative to maximal aerobic power (V/~\?^O? max).
For this purpose each of the six subjects was "calibrated" by performing a
standard work capacity test on a bicycle ergometer as described in the
first part of this report and outlined in Fig. A-l. The maximal oxygen con-
sumption obtained in this manner was taken as unity and measurements of
VQ£ taken at submaximal work of various-IbiimS-weipe expressed as fractions
of V07 ___ • During the calibration test numerous measurements of HR andWC 11 La A
VO2 were also taken at intermediate work levels and the HR /MR relationship
thus established was used as standard of reference for the other forms of
exercise. The results of the maximal work capacity tests are given for
Table B-II Standard Maximal Exercise Tests
Subj. # 1 Work
300
600
900
1050
1200
1275
1350
1425
^02
1.066
1.220
2.083
2.509
2.943
3.107
3.154
3.417
HR
120
137
163
174
183
186
190
192
•
VI
33.2
33.4
55.4
70.2
89.9
101.2
123.8
151.2
* *
V
 O2 'V O2 max
.312
.357
.610
.734
.861
.909
.923
1.000
Subj. # 2 Work 02 HR V /Vv
 O2' O2 max
300
600
900
1050
1125
1200
1 . 672
1.595
2.284
2.629
2.772
2.885
115
127
140
151
156
164
53.6
55.7
83.4
107.7
133.4
172.9
.580
.553
.792
.911
.960
1.000
Subj. #3 Work '02 HR
» •
VO2' VO2 max
300
900
1050
1200
1350
1500
1650
1725
1800
1.111
2.399
2.709
3.122
3.630
4.101
4.355
4.365
4.411
87
131
149
166
171
178
186
187
189
27.4
55.1
75.3
89.9
107.1
139.0
173.5
191.4
199.0
.252
.544
.614
.708
.823
.930
.987
.990
1.000
Subj. # 4 Work VO2 HR /vO2 ' O2 max
300
600
825
975
1125
1275
1425
1500
0.970
1.314
2.003
2.165
2.734
3.079
3.505
3.633
111
134
155
160
175
183
185
188
27.9
38.0 .
56.2
67.1
83.5
104.2
139.5
158.4
.267
.362
.551
.596"
.753
.848
.965
1.000
Table B-II Standard Maximal Exercise Tests (cont.)
Subj. # 5
Subj. # 6
Work
300
600
900
1050
1200
1350
1500
1650
1725
Work
300
600
750
900
^02
0.981
1.240
2.168
2.477
2.926
3.132
3.729
4.059
4.117
^02
1.087
1.501
1.938
2.275
HR
98
126
145
153
167
171
178
185 '
188
HR
144
161
178
181
*i
25.8
33.3
61.1
72.0
87.9
99.6
130.8
173.2
176.0
*I
36.7
51.4
69.2
99.5
* / *
VO2 /V02 max
.238
.301
.527
.602
.711
.761
.906
.986
1.000
V /Vv
 O2 ' v O2 max
.478
.660
.852
1.000
Table B -III Supine Leg Exercise
Work; 333 kpm/min
Subj.
1
2
3
4
5
6
Work;
Subj.
1
2
3
4
5
6
^02
0.933
1.067
1.015
0.869
1.002
1.058
HR
104
112
78
96
104
102
555 kpm/min
•
vV02
0.981
1.306
1.150
1.031
1.354
1.300
HR
117
120
87
104
111
110
V,
24.0
35.2
20.8
24.1
26.9
29.8
V,
27.2
48.4
25.7
30.3
39.2
35.4
V02 /VO2 max
.273
.370
.230
.239
.243
.465
* / *
V02 /V02 max
.287
.453
.261
.284
.329
.571
Work: 1031 kpm/min
Subj. 02 HR VI VO2 /VO2 max
1
2
3
4
5
6
2.147
2.197
2.046
1.999
2.251
1.649
147
135
128
139
132
130
59.9
108.4
53.9
63.9
76.6
45.7
.628
.762
.464
.585
.547
.725
Table B-IV Arm Exercise, Standing
Work: 246 kpm/min
Subj.
1
2
3
4
5
6
Work:
Subj.
1
2
3
4
5
6
Work:
Subj.
1
2
3
4
5
6
vV02
0.854
1.303
0.922
0.816
0.934
1.020
333 kpm/min
V02
0.961
1.341
1.031
0.980
1 . 343
1 ." 367
HR
108
122
90
103
98
128
HR
111
124
100
105
110
164
555 kpm/min
VV02
1.335
1.890
1.420
1.324
2. 068
1.743
HR
138
134
128
129
130
184
25.6
49.4
30.0
30.4
27.5
35.3
28.2
56.6
26.8
35.6
39.9
53.7
40
78
42,
49
62
7
4
0
,7
3
/
VO2' VO2 max
.250
.452
.209
.225
.227
.448
* i *
VO2' VO2 max
.281
.465
.234
.270
.326
.601
92.6
V /Vv
 O2' v O2 max
.391
.655
.322
.364
.502
.766
Table B;-V Arm and Leg Exercise, Rowing
Work:
Subj.
1
2
3
4
5
6
Work:
Subj.
1
2
3
4
5
6
Work:
Subj.
1
2
3
4
5
6
15 strokes /min
•
V02
1.231
1.693
1.766
0.972
0.984
1.561
HR
107
128
110
104
101
123
20 strokes /min
•
V02
1.873
1.690
2.240
1.042
1.120
1.805
HR
133
143
134
100
117
136
25 strokes /min
*
vV02
2.354
2.124
2.634
1.096
1.696
2.251
HR
154
148
150
102
117
174
32.8
57.0
39.0
34.4
28.0
46.2
46.7
65.6
58.. 8
32.1
32.7
60.5
68.5
85.2
78.0
35.3
49.2
96.8
V /Vv
 02' v O2 max
.360
.587
.400
.268
.239
.686
V /Vv
 02 ' v 02 max
.548
.586
.508
.287
.272
.793
V /VO2' v O2 max
.689
.736
.597
.302
.412
.989
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each subject in Table BII.
Supine leg exercise.
Three levels of supine work (333, 555 and 1031 kpm/min) were
performed on an ENSCO bicycle ergometer attached to the foot of a bed for
5 minutes each in ascending sequence without pause. Expired air was
collected during the last minute of each stage and ECG recordings taken
to document heart rate. The pedalling" rate was 40 cycles per minute given
by metronome. In order to maintain their posture on the bed at the higher
work loads the subjects braced themselves with handgrips attached to the
frame. (Table B-III)
Erect arm exercise.
The same ergometer was used as on the bed, but it was operated by
hand and positioned at about shoulder level at a distance so that the arms
were nearly completely extended at full thrust. An erect posture was
maintained with little lateral or forward movements. The same duration
and time sequence was adhered to as in the supine tests. However because
of more rapid fatigue the work at 1031 kpm was abandoned and the following
sequence adopted: 246, 333 and 555 kpm/min. (Table B-IV)
Arm and leg work.
The third mode of exercise was intended to involve as many muscles
of the limbs and trunk as possible and this was accomplished by using a
rowing machine: The device has a rolling seat and the sculls are provided
with hydraulic resistance. The position of the body varies from forward
crouch at the beginning of the stroke over sitting erect to semi-supine at
the end. Three appropriate work levels were accomplished by employing
three different stroke rates, 15, 20 and 25 strokes per minute with the same
resistance on the sculls. Work periods, sampling times and recordings
were essentially the same as in the other forms of exercise. (Table B-V)
Results:
All subjects commented that the erect arm exercise was much more
fatiguing than the same work load pedalling the bicycle sitting or in the
supine position. On the other hand, in the recumbent pedalling work subjects
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complained of pain localized in the lower thighs and at the knees at the
highest work level. The rowing exercise resulted in a greater variability
in energy expenditure between individuals than the other three exercise
modes, because it is more dependent upon effort and only one of the subjects
was familiar with proper rowing technique.
In the supine leg work and the erect arm work two identical work loads
were employed, using the same ergome'ter, namely 333 and 555 kpm/min
so that a comparison can be made of energy cost, cardiac and ventilation
response. The mean values for six subjects are shown below:
Arm work, erect
Leg work, supine
Difference
Arm work, erect
Leg work, supine
Difference
Work VO2
kpm/min L/min
333 1.171
333 0.991
0.180
18%
555 1.630
555 1.187
0.443
37%
HR
p/min
119
99
20
20%
141
108
33
31%
Vent. V02/V02max
L/min
40.1
26.8
13.3
50%
61.0
34.4
26.6
77%
.36
.30
.06
20%
.50
.36
.14
39%
The same mechanical work of 333 kpm/min was performed using
18% more oxygen with the arms, standing than with the legs, lying down,
indicating lower mechanical efficiency for the arm work. Similarly
heart rate was 20 beats (20%) and ventilation 13. 3 L/min (50%) higher. At
555 kpm/min the excess energy cost in the arm wor,k was about double
that in the milder exercise; the heart rate was 33 .(31%) higher and ventila-
tion augmented by 77%.
Unfortunately a similar comparison could not be made at the same work
loads while rowing because the mechanical work could not be measured.
H.R.
per min
200
150
100
HEART RATE v. METABOLIC RATE
Bicycle, sitting
Leg Work, supine
Arm Work, standing
50oL
1
• Rowing
I
.20 .40 .60 .80 1.00
Fig. B-4
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Heart Rate
However, the data on heart rate for all three modes of exercise can
be compared with each other and with the data from the calibration tests
sitting on the bicycle ergometer, by pooling the measurements for each
type of work and calculating the regression lines for heart rate versus
oxygen consumption as a fraction of maximal oxygen \iptake. In order to
make these regressions applicable for predicting metabolic rate from heart
rate the conventional relationship of dependent and independent variable
has been reversed and the equations were solved for x.
SE r
1. Standard bicycle Test x = -.552 + .00799 y .12 .88
2. Leg work, supine x= -.437 + .00758 y .11 .80
3. Arm work, erect x = -.354 + .00603 y .07 .91
4. Leg & Arm work, r owing x = -.616 + .00892 y .10 ..90
• •
where y = heart rate and x = V__ /V_._ max.
All four of these equations have been plotted in Fig. B4 showing that
heart rate increases much more with increasing energy expenditure during
work with the arms in erect posture than in the other forms of work, while
the line derived from the rowing tests is lower than that on the standard
bicycle test in sitting position and is even less steep than in the supine, leg
exercise. The latter runs parallel to the reference line for the standard
test, but is 6 - 8 beats per minute lower. As Bevegard, et al, (J. Appl.
Physiol. 21: 37, 1966) have already pointed out, work with the arms alone
gives higher heart rates for the same work than leg work or combined arm
and leg work either in the sitting or supine position. In this study, where
arm work was performed standing up, the heart rates were even higher.
The implications are that the heart rate response to a given energy require-
ment is affected both by posture and the combination of muscle groups in-
volved in the exercise.
Ventilation
A similar analysis was performed on the relationship between ventilation
and metabolic rate expressed as a fraction of maximal oxygen uptake. In
doing so it was taken into consideration that in the maximal work capacity
tests (See Fig. Al) ventilation increases with the work load in linear fashion
150 r
VENTILATION v. METABOLIC RATE
L/min
100
50
Bicycle, sitting
— Leg Work, supine
Arm Work,standing
—' Rowing
.20 .40
-Vo
.60 .80 1.00
Fig. B-5
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up to about 0. 70 of work capacity, but usually rises exponentially toward
the end of the test and therefore does not lend itself to treatefent by linear
regression in this range. Since the highest metabolic rates achieved in
the other three forms of exercise were on the average not more than 0.65
of maximum (with one exception), only data from work up to 900 kpm/min
were used from the maximal work capacity tests for the statistical analysis.
The following regressions were obtained, whereby ventilation = y and
metabolic rate = x. Obviously all regression lines are valid only within
the range where the bulk of the data were obtained, namely . 20-. 70 of maximal
oxygen uptake. Extrapolations beyond this range indicate trends only.
SE r
1. Bicycle, sitting x= .022 + .00969 y .08 .91
2. Leg work, supine x= .164 + .00615 y .11 . .80
3. Arm work, erect x = .088 + .00650 y .08 .89
4. Rowing x= .023 + .00933 y .10 .88
It is noted that the slopes of regression of 1. and 4. and those of 2.' and
3. are similar with the former being much higher than the latter. This is
also clearly apparent in Fib. B5 where the regressions are plotted for com-
parison. Erect arm exercise is associated with a higher ventilation above
. 30 of maximal oxygen uptake than the other forms of work and the difference
increases markedly with rising metabolic rate. Leg work in the supine
position gives a similar ventilation response but slightly less than the arm
work. The line for rowing and for the work sitting on the bicycle are prac-
tically identical and the slope is significantly lower than for the other. A
possible explanation for the distinct difference between the two pairs of
regressions is that the steeper lines belong to forms of exercise involving
only one pair of extremities, while rowing requires all four extremities
plus the torso and work sitting on a bicycle also involves considerable iso-
metric work on the part of the arms and trunk particularly at high work loads.
This would mean that ventilation is greater, the fewer muscle groups are
engaged in the work, while posture is apparently less important than it is
o
for the heart rate response.
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III. Normal Standards for the Response of Heart Rate, Metabolic Rate,
Blood Pressure and Ventilation in a Standard Work Capacity Test
In evaluating an individual's physiological responses to exercise,
it is valuable to be able to compare them with those of his peers in
physique and particularly in age. For such a comparison to be meaningful
it is desirable that the test protocol be the same and that the methods of
measurement are comparable. For this purpose, the files of several
hundred work capacity tests that have accumulated over the years in our
laboratory have been carefully scrutinized and the data programmed for
statistical analyses by computer* The procedure in all of them was
exactly the same as described in Section A-I and B-I and illustrated in
Fig. A-l . The same test was used in the selection of the first astronauts
for the Mercury Program in 1959 in this department.
The population of 410 men used to establish these standards consisted
entirely of professional aviators, either test or airline pilots, with a few
from the Air Force. Their ages ranged from 23 to 68 and they were vol-
unteers in a more comprehensive study on physiological and psychological
aging supported by a grant from the N. I. H. As professional pilots, they
had been under medical surveillance at least once a year and underwent a
medical physical examination prior to the exercise tests. Asa whole they
represent physically a not particularly active group. Only a few claimed
to engage in any vigorous sports for recreation, and flying itself is certainly
a sedentary occupation. For these reasons the data presented here, although
from a select population, is probably more representative of the general
population than most studies of this kind in the literature on exercise
physiology where the subjects are often students of physical education or
athletes. ,
Results:
For the statistical analysis the subjects were divided into four age
groups. The first group included 137 pilots between 23 and 34 years of
age, the second group 99 men between 35 and 44, the third group 117
between 45 and 54, and 57 men from 55 to 68 years of age. The mean age
for all 410 was 41.4 years. Physical data on these men is given in a
Table B-VI
PHYSICAL DATA
Age
Groups
All
n= 410
<35
n= 137
35-44
n= 99
45-54
n= 117
55 +
n= 57
Age
Groups Age Wt.
(kg)
i-AUno 41'4 76'84
<35
,,7 29.7 75.80n = 137
35
_"
44
 39.3 76.20
45
 "
54
 48.7 78.07
n — 1 1 1
55+ 58.6 77.83
Ti — 3 1
AT MAXIMAL AEROBIC
Work VO2 VCOz
(kpm/min) (L/min) (L/min)
1119 2.416 2.716
1190 2.608 2.934
1116 2.414 2.685
1095 2.340 2.632
993 2.106 2.405
FFW
(kg)
64.06
64.49
63.56
64.44
63.17
POWER
*j
(L/min)
99.58
105.50
96.13
99.45
91 . 39
Ht.
(cm)
177.7
178.5
178.1
177.3
175.8
HR
(per min)
• 177
185
178
172
168
BP
(mmHg)
205/92
200/88
199/91
210/95
217/98
Table B-VII
REGRESSIONS FOR CIRCULATORY AND RESPIRATORY FUNCTIONS
VERSUS
INCREASING WORK LOADS AND METABOLIC RATES
IN MEN OF DIFFERENT AGES
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Age
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
45-54
55+
Subjects Points
410
137
99
117
57
410
137
99
117
57
410
137
99
117
57
410
137
99
117
57
410
137
99
117
57
410
137
99
117
57
2214
801
550
591
272
2214
801
550
591
272
2214
801
550
591
272
2214
801
550
592
272
2214
801
550
592
272
2214
801
550
591
272
Y
^02
Y02
Y02
Y02
V02
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
HR
Syst. BP
Syst. BP
Syst. BP
Syst. BP
Syst. BP
X
Work
Work
Work
Work
Work
Work
Work
Work
Work
Work
Y°2
Yoa
Yo2
vo,
•
v02/kg
V /k Q
V /ks
V02/kg
V_ max
.02
V« max
.02
V... max
.02
V_ max
.02
V.~ maxO2
Work
Work
Work
Work
Work
Regression
y =
y =
y =
y "
y =
y —
y "
y =
y =
y =
y =
y =
y -
y =
y •
y =
y -
y -
y =
y *
y "
y =
y "
y =
y =
y °
y =
y =
y *
y =
0.2818 -
0.2887- -
0.3001 -
0.2834 -
0.3080 -
97.46 H
101.64 H
98.75 H
93.57 H
95.85 H
92.51 H
97.00 H
92.61 H
89.21 H
90.71 H
89.69 H
94.12 H
88.95 H
85.80 H
87.01 H
78.57 H
82.94 H
75.90 H
73.13 H
77.89 H
136.18 H
128.40 H
132.01 H
136.39 H
147.90 H
SE
1- 0.5655X*" -175
I- 0.5743x
1- 0.5604x
h 0.5561x
h 0.5327oc
K 20
\- 20
1- 19
1- 20
(- 20
>• 33
h 32
h 32
h 32
h 34
f- 2.
h 2.
1- 2.
^ 2.
h 2.
h 100
1- 104
h 102
h 100
h 90
h 17
i- 18
I- 17
I- 20
h 20
.36x
.10x
.89x
.25x
^52 -x
.09 x
.09x
.96x
.97x
.30x
696 x
568 x
699 x
794 x
906 x
.15x
• 06x
.81x
.27x
.35X
.84X
.06X
• 59x
.01 x
.48x
.178
.150
.187
.164
15.4
14.6
15.7
15.6
14.5
16.6
.16.1
16.6
16.9
15.8
15.4
15.2
15.6
15.7
14.4
13.7
12.3
11.6
12.6
13.1
21.1
16.5
17.9
21.6
r
.959
.964
.967
.951
.947
.812
.839
.790
.803
.790
.778
.799
.759
.764
.742
.812
.824
.793
.801
.791
.855
.888
.891
.876
.833
.665
.774
.707
.693
.625
Unit of work used here is 1 k.p = 300 kpm/min
Table B-VII (cont.)
No
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
. Age
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
45-54
55+
Subjects Points Y
410
137
99
117
57
410
137
99
117
57
410
137
99
117
57
410
137
99
117
57
410
137
99
117
57
410
137
99
117
57
410
137
99
117
57
2214
801
550
591
272
2214
801
550
591
272
2214
801
550
591
272
2214
801
550
591
272
2214
801
550
591
272
2214
801
550
591
272
2214
801
550
591
272
Syst.
Syst.
Syst.
Syst.
Syst.
Syst.
Syst.
Syst.
Syst.
Syst.
Syst.
Syst.
Syst.
Syst.
Syst.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias.
Dias
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
X
«
TO 2
VO2
Y02
V02
•
•
V._ max
• O2
V_. max
.02
V._ maxO2
HR
HR
HR
HR
HR
Work
Work
Work
Work
Work
Yo2
Yo2
VO2
Y02
V02
Vrt max
V02maX
Yo2max
V02maX
HR
HR
HR
HR
HR
Regression
y -
y =
y =
y =
y =
y =
y ="
y =
y =
y -
y •
y =
y •
y -
y =
y .
y -
y -
y =
y =
y =
y -
y =
y =
y =
y =
y •
y *
y -
y =
y •
y =
y •
y =
y =
131.83 +
121.75 +
120.19 +
132.10 +
138.12 +
118.04 +
117.18 +
114.62 +
118.80 +
130.28 +
83.59 +
63.64 +
72.96 +
77.43 +
97.56 +
85.25 +
82.54 +
83.02 +
86.49 +
86.72 +
84.73 +
81.52 +
82.18 +
85.69 +
83.34 +
80.28 +
80.01 +
78; 42 +
82.08 +
83.09 +
77.02 +
71 .40 +,
68.12 +
77.51 +
78.87 +
28.99x
30.15x
29.37x
32.57x
37.15x
89.93x
85.69x
87.07x
95.50x
89.76x
0.6595x
0.7297x
0.6974x
0.7591x
0.6861X
SLS528 x
1.278x
2.014x
2.115x
3.381x
2.567x
2.426x
3.456x
3.645x
7.240x
12. 409 x
8.500-x
13. 520 x
13. 590 x
15. 780 x
O.OSlx
,QW®x
0.134x
0.099x
0.110
 x
SE
21.8
16.7
18.4
22.6
22.9
19.7
17.3
16.3
20.6
22.5
22.2
17.3
17.9
22.5
25.0
10.0
8.44
9;QQ
10.6
10.6
10. Q
8.40
9 .00
10.6
10.4
9.8
8.3
8.7
10.4
10.5
9.9
8.2
8.5
10.5
10.7
r
.637
.770
.684
.659
.637
.718
.750
.763
.728
.656
.617
.749
.705
.663
.544
.158
.167
.223
.202
.278
.157
.189
.221
.204
.335
.275
.227
.326
.286
.311
.210
.292
.372
.239
.235
Table B-VII (cont.)
No.
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
Age
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
44-54
55+
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
45-54
55+
ALL
< 35
35-44
45-54
55+
Subjects Points
410
137
99
117
57
410
137
99
117
57
410
137
99
117
57
410
137
99
117
57
410
137
99
117
57
2214
801
550
591
272
2214
801
550
591
272
2214
801
550
591
272
2214
801
550
591
272
2214
801
550
591
272
Y X
Ventil. Work
Ventil. Work
Ventil. Work
Ventil. Work
Ventil. Work
Ventil. VQ
Ventil. VQ
Ventil. VQ
Ventil. V~
.°2
Ventil. V~O ?
Ventil. Vco
Ventil. V,,~
.CO2
Ventil. V-._
,CO2
• Ventil. vco
Ventil. VGO
Ventil- VQ max
Ventil. V,.. max
Ventil. V... max
Ventil. VQ max
Ventil. V.~ max
. O2
* ^log Vent. VQ max
log Vent. VQ max
log Vent. V,_ maxe
 .O2
log Vent. VQ max
log Vent. VQ max
Regression
y =
y-
y =
y •
y =
y =
y =
y =
y s=
y =
y =
y-
y =
y =
y-
y =
y -
y =
•y •
y =
y =
y-
y-
y-
y-
1.469 +
1.118 +
3.595 +
0.083 +
-1.753 +
-9.714 +
-10.38 +
-7.903 +
-12.20 +
-16.34 +
i;631^+
2,942- +
2.213'+
-0.664;+
-2,649 +'
-13^67 -T
-I4v4:r +
-1^60 +
-isVzsiUv
-12. 34+
1.1825X+
1.1938 +
1.1962 +
1.1551 +
1.1654 +
23.
23.
22.
" 24.
25.
41.
40.
40.
43.
48.
34 .
32 .
33.
36.
.38 .
• 105
112
102
109
98
69
52
64
50
96
55
7.8
04
94
46
23
96
48
26
05
.9
.3
.2
.8
0.8002
0.8150
0.7757
0.8268
0.7716
x
X
X
X
x
X
X
X
X
X
X
X
X
X
x
&C
X
X
X
X
X
X
X
'
x
X
SE '
13.2
13.9
11.0
13.9
13.3
11.5
12.1
9.7
11.3
10.9
9.5
10:7
7.3
9.0^
8.8
14.6
14.9
.11.7
14.7
16.4
.083
.079
.066
.084
.102
r
.884
.884
.902
.878
.871
.913
.913
.925
.921
.915
.942
.933
.958
.951
.946
.855
.866
.888
.862
.795
.908
.921
.934
.913
.855
3.000
2.000
1.000
O
v. WORK (ALL SUBJECTS)
r=0.96 -J
Mechanical Efficiency=24.6% ~
Resting M.R. = .28^L/min
0 200 400 600 800 1000 1200 1400 1600
Work, kpm/min
Fig. B-6
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summary of the means in Table B-VI at the top. Fat-free weight was
estimated from body density by hydrostatic weighing. An increase in
gross body weight is observed with age with relatively little change in
fat-free weight. Body fat content increased on the average from 15% in
the group under 35, to 19% in the oldest group over 55.
The lower part of Table B-VI gives the mean aerobic power for the
group as a whole and the ascending age groups, with other measurements
taken at the same time. There is a loss of nearly 20% in maximal aerobic
power between the group under 35 and those over 55 years. There is also
a significant reduction in maximal heart rate as well as a slight increase
in systolic and diastolic blood pressure in maximal exercise.
In the course of the work capacity test, measurements are made of
heart rate and blood pressure with respiratory and metabolic rate deter-
minations every other minute starting at the lowest work level of 300 kpm/min
and culminating with the maximal value. Thus a series of 5 - 9 points were
accumulated for each parameter with which regressions and correlations
were computed with work intensity or energy cost.
Such computations were performed with heart rate, systolic and
diastolic blood pressure and ventilation as dependent variables with work;
gross oxygen consumption, oxygen consumption per kg body weight and
oxygen consumption as a fraction of maximal oxygen uptake as independent
variables for the entire group and for each age group separately. These
equations are arranged in Table B-VII for each combination and the
different ages with standard error and correlation coefficient (r) included.
A number of the regressions have been plotted in the following figures
(Fig. B-7 to Fig. B-17) with all age groups for any given combination of
variables presented separately to visualize the trends with age.
The mean regression line for oxygen consumption versus work based
on more than 2400 individual measurements is shown in Fig. B-6. The
slope corresponds to an increase of 0. 189 L/min in oxygen consumption for
an increment of 100 kpm/min in work. Since the zero intercept on the
y-axis represents resting metabolic rate, the average efficiency of this
particular form of exercise can be estimated by relating the caloric equivalent
T T T
200
mmHg
or
per min
150
MEAN REGRESSION LINES ON
ALL SUBJECTS.
100
50
OM
.4
. B-7
.8
Ventilation
L/min
100
50
1.0
Note: Numbers in parentheses refer to regression equations
in Table B-VII.
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of the mechanical work performed to the caloric equivalent of the
excess oxygen consumed, and the resulting figure is 24. 6%.
In Fig. B-7 the lines are shown for mean heart rate, blood pressure
and ventilation combined for all 410 subjects of all ages against the fraction
of maximal oxygen uptake. By this manipulation the variance due to differ-
ent size and physical fitness is corrected. The same abscissa is used in
Fig. B-10 to demonstrate the reduction of heart rate in the submaximal as
well as the maximal range with age. (Note: The numbers in parentheses
on each figure refer to the number in the list of equations, Table B-VII.)
Changes in blood pressure with age are much more manifest during.exercise
than at rest, as is well demonstrated in Fig. B-ll where it is plotted
against work. Here the lines for each age group are well separated in
the diastolic as well as the systolic pressurevand it can be seen that there
is a major increase already between those aged 35 - 44 and those over 45.
The differences in blood pressure are even more pronounced when blood
pressure is related to heart rate during exercise as in Fig. B-14. It is
interesting to note that ventilation is greater for a given work load (Fig. B-15)
or absolute oxygen consumption (Fig. B-16) for older men than younger
ones, but the situation is reversed when ventilation is plotted against fractions
of maximal capacity (Fig. B-17) because the latter is lower in older people.
Much more valuable information can be gleaned from this unique body
of data that is of interest to physiologists and physicians, but the most
important reason for tabulating it in this form is to provide standards for
comparison with measurements obtained in a similar type of test on an
individual, to determine whether or not his response falls within the normal
range for his size and age.
C-lSection
C . Alterations in Acid-Base and Electrolytes in
Exhaustive Exercise
I. Changes in the ECG in Relation to Alterations in Acid-Base
and Electrolytes During Exhaustive Exercise and Recovery
with Particular Reference to Potassium
For many years associations have been sought between alterations in
the electrocardiogram and changes in concentrations of serum electrolytes.
The electrocardiogram is particularly sensitive to changes in potassium
and calcium concentration. The extent of this sensitivity has warranted the
recognition of changes in the ECG as diagnostic of certain forms of electro-
lyte imbalance.
It is generally accepted that the electrocardiogram in a resting hyper -
kalemic individual is characterized by the progressive appearance of .tall,
peaked T waves, S-T segment depression, disappearance of the U waves,
disappearance of the P waves, appearance of lengthened P-R intervals,
appearance of wide aberrant QRS complexes, appearance of biphasic deflec-
tions caused by fusion of the QRS complex, RS-T segment and the T wave,
and finally ventricular fibrillation or cardiac standstill. On the other hand,
hypopotassemia is characterized by flattening of the T wave, appearance of
U waves, lengthening of the Q-T interval, appearance of T waves with a
double summit due to summation of the T and the U and depression of the
S-T segment. The lengthening of the Q-T interval in hypopotassemia may be
more apparent than real in cases where the T and U waves are completely
summated and the Q-U interval instead of the Q-T interval is actually being
measured (Goldberger, 1953, Burch, 1966).
The effects of hypercalcemia and hypocalcemia on the electrocardiogram
may be summarized as follows. In hypercalcemia the Q-T interval is short-
ened due to a decrease in the length of the RS-T segment. The appearance
of the T wave in hypercalcemia will more closely reflect the concurrent serum
potassium concentration. In hypocalcemia the Q-T interval is lengthened due
to an increase in the length of the RS-T segment. As in the case of hypercal-
cemia the appearance of the T wave is accepted as a closer reflection of
potassium concentration (Goldberger, 1953).
It has also been suggested that pH and P/-Q? rnay also be important in
producing changes in the electrocardiogram. In acidosis produced by exercise
C-2
there is an increase in the amplitude of the T wave (Barker, et al, 1939).
Hypercapnic acidosis has been demonstrated to have different effects upon
cardiac and skeletal muscle. During hypercapnia cardiac muscle takes up
potassium and then loses it in the immediate post hypercapnic period while
the reverse occurs in skeletal muscle (Lade and Brown, 1963). CO~ has been
shown to produce minimal changes in T wave amplitude in dogs (Soloff, et al,
I960). On the other hand, some increase in the height of the R and T waves
has been reported in humans breathing 5% CO_ and 95% O_ (Altschule and
Sulzbach, 1947). Hyper ventilation may cause T wave inversion and this
pattern is not altered appreciably when the inspired mixture contains either
low or high concentrations of CO_ (Wasserburger, et al, 1956).
C*
During exercise acid-base balance is disturbed and other physiological
changes occur. Muscular work results in a rise in plasma potassium con-
centration. At the end of exercise it may be elevated by as much as 25%.
It falls precipitously during recovery to below the resting value after 10 to
15 minutes (Keys, 1937). The manner in which these changes are reflected
or not reflected in the ECG has not been completely established. However,
increases in T wave amplitude following exercise have been related to an
increase in venous potassium concentration and resulting potassium perfusion
of the cardiac muscle (Rose, et al, 1966).
In this study the electrocardiogram was recorded during an exercise
and recovery program and comparisons were made between the time course
of alterations in the ECG and changes in serum electrolyte concentration
and arterial acid-base balance. In addition tests were performed with low
concentrations of carbon dioxide added to the inspired air which produced
more profound changes in pH and P^-.^ during exercise and recovery than
Li
in the controls.
Procedure
Each of ten healthy young men performed two exercise tests. The
conditions during each test were identical except that in the control series
air was administered via mouthpiece while in the experimental group carbon
dioxide was added to the inspired mixture to produce a partial pressure of
15 ± 2 mm Hg (about 2. 0% sea level equivalent). The experimental
and control runs were performed in random sequence and the subject was
ECG AT REST
Heort Rote= 98
/ second
ECG DURING EXERCISE
Heort Rote= 184
/ second
Fig. C-l. Measurements Made on Resting ECG
Indicated Above
Typical Exercise ECG (Below)
C-3
unaware of which mixture he was breathing. The exercise program consisted
of constant load increments of 75 kpm/min starting with 300 kpm. Subjects
with large body mass were handicapped by increasing the brake load by
150 kpm/min instead of 75 kpm/min during the first few minutes of the test.
Exercise was terminated when the subject could no longer maintain the
pedalling rhythm of 50 RPM dictated by a metronome. All subjects terminated
between the 12th and 16th minute (average 14).
During the first seven minutes of recovery the subject remained on the
bicycle. In the eighth minute he was moved to a recumbent position on an
adjacent bed where he remained through the 30th minute of recovery.
Prior to exercise an indwelling needle or Teflon catheter was inserted
into the brachial or radial artery under local anesthesia (1% Xylocaine). At
rest 10 ml of blood were drawn anaerobically in a heparinized syringe for
blood gases and pH and another 15 ml into a vacutainer for electrolytes. Blood
samples were also drawn in this manner during the last minute of exercise
and in minutes 1, 4, 10, 20 and 30 of recovery. Blood gases and pH were
measured immediately with the Corning Model 16 electrode system at 37° C.
Analyses on plasma for calcium and phosphor were performed on a sequential
multiple autoanalyzer (Technicon Corp. 12/30). Sodium, potassium and
chloride were run on a 4-channel electrolyte analyzer (Technicon Corp. ).
ECG leads were placed at the cardiac apex and forehead and the electro-
cardiogram was recorded while the subject was at rest sitting on the bicycle,
during the last three minutes of exercise and at regular intervals for 30
minutes of recovery. The ECG was recorded at a paper speed of 25 mm/sec
for heart rates under 160 and 50 mm/sec for heart rates over 160.
Various components of the ECG were measured from the records at
rest, the last two minutes of exercise, and minutes 1-4 and 9, 12, 20, 24,
and 30 of recovery.
The following components of the ECG were measured (Fig. Cl): the PR
interval, the PR segment, the QRS complex, the QT "peak" interval and the
period. The PR interval was measured from the convex beginning of the P
to the convex beginning of the R. The PR segment was measured from the
convex end of the P to the convex beginning of the R. The QRS complex was
measured from the convex beginning of the R to the convex beginning of the
ST segment. The QT interval was measured from the convex beginning of
mV
Rest-
-15 0 5
-Exer •- Recovery
10 15 20 25 30min
Fig. C-2. Changes in Potassium and pH During
Exhaustive Exercise and Recovery with
Synchronous Amplitudes of T-Wave and
P-Wave
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the R to the convex end of the T. Because it was difficult to precisely
identify the convex end of the T in many cases during the final minute of
exercise (Fig. Cl), the QT peak, hereafter denoted QT subscript P, was also
measured. This interval was measured from the convex beginning of the
R wave to the peak of the T wave. The period was measured from the peak
of one R wave to the peak of the next R wave. The predicted values for the
lengths of the P-R interval, the QRS complex, the Q-T interval were cal-
culated for the various heart rates by the respective formulae proposed by
Bazett (1918).
In addition,, the amplitudes of the T, P, and U waves were measured.
The amplitude was measured as the vertical distance from the isoelectric
line to the peak of the wave. The isoelectric line was established by
connecting the convex beginning of the R waves in consecutive cycles..
For each subject the recorded interval lengths and amplitudes in each
minute are the average of three or more measurements.
RESULTS
In both the air and CO- exercises electrolyte concentrations increased
at the end of exercise. However, the changes were not of equal magnitude.
In both groups minor increases in sodium and chloride were accompanied
by a moderate increase in calcium and striking increases in phosphor and
potassium. The complete data for the electrolyte changes were reported
in 1970 (NASA - 9-7009). Of particular interest in this study was the course
of potassium concentration during the exercise and recovery program. The
highest potassium concentration was observed during the last minute of
exercise and it dropped precipitously immediately thereafter falling below
the control value four minutes later before returning to the resting value
during the remainder of recovery. The magnitude of the change in potassium
concentration did not differ between the control and experimental groups
(Fig. C2).
The disturbance in acid-base balance resulting from the strenuous
exercise is indicated by the drop in pH in both groups (Fig. C2). However,
the acidosis produced during the CO2 exercises was more severe than that
produced when the subjects were breathing air. The difference between the
0.3
— 0.2
— O.I
10 15 20 25 30min
Rest «- Exercise »• Recovery-
Fig. C-3. Duration of Cardiac Cycle, QT Interval
and QRS Complex During and After
Exhaustive Exercise (Subjects Breathing
Air Only)
C-5
lower pH in the CO^ series and the pH in the air series was statistically
significant in the last minute of exercise and the first minute of recovery.
In the case of bicarbonate the differences between the two groups were
statistically significant in the last minute of exercise and in the first and
4th minutes of recovery. The course of arterial P,-/-)- differed markedly
between the control and experimental groups. When the subjects were
breathing air the P~.~ dropped as usual in exhaustive exercise and through
v«» vJ2
the 4th minute of recovery before slowly increasing toward the resting value.
However in the CO_ series the arterial P/-.-. increased to a maximum in2
the final minute of exercise and remained elevated during the first minute
of recovery before dropping precipitously to below the control value in the
4th minute of recovery. The differences between the P,-.^  values for the
v^U?
two groups were statistically significant throughout the study.
In Figure C3 are plotted the mean measured interval lengths and the
mean cardiac cycle length with the interval lengths predicted (Bazett, 1918)
for the particular heart rates. In both groups there were no changes in Q-T
or P-R interval length during exercise and the first minute of recovery that
cannot be accounted for by the increase in heart rate. However, beginning
in the second minute of recovery the measured P-R intervals were longer
than the predicted (Bazett, 1918) in both the control and experimental groups.
In the air series the Q-T interval was longer than predicted from the 20th
through the thirtieth minute of recovery while in the CO- series the Q-T
interval was longer than predicted from the 12th through the thirtieth minute
of recovery. None of the differences between the predicted and measured
curves was statistically significant.
The amplitudes of the T and P waves increased during exercise in both
the air and CO7 exercises (Fig. C2). The amplitude of the T wave reached
c*
a peak plateau in the first and second minutes of recovery in both series.
Subsequently the amplitude in each case dropped rapidly through the fourth
minute of recovery then gradually declined through the remainder of recovery
toward the original value. In each group the P -amplitude reached a peak
value in the first minute of recovery, fell precipitously from the second through
the fourth minute of recovery, and then declined more gradually toward the
initial value.
U waves appeared or increased in amplitude in 9 out of ten subjects
in each experimental group at some point during exercise or recovery.
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DISCUSSION
The peaking of the T wave expected with hyperkalemia occurred during
and following exercise. However there is a definite phase shift between the
curves for potassium concentration and T-wave amplitude. When the potassium
concentration reached a maximum value in the final minute of recovery the
amplitude of the T-wave was still increasing toward its maximum value.
When the T wave amplitude was maximal in the first and second minutes of
recovery the potassium concentration was falling precipitously. In the
fourth minute of recovery the T-wave remained elevated while potassium had
fallen below the resting level. This phase difference in the peaks of potassium
concentration and T-wave amplitude may be accounted for, as Rose, et al,
(1966) suggests, by the time necessary for potassium to diffuse into and out
of the myocardium. However, these data do not allow direct association of
increased T amplitude with increased potassium concentration.
Other electrocardiographic changes characteristic of hyperkalemia in
resting individuals were not observed in this study. The P wave increased
during exercise and reached a peak amplitude in the first minute of recovery
instead of becomming attenuated and disappearing as in clinical and experi-
mentally induced hyperkalemia. Also unexpected with increased potassium
concentration was the appearance of U waves. In addition there were no
changes observed in the P-R interval, QRS complex and Q-T interval that
could not be attributed to tachycardia.
Though specific changes are noted in the electrocardiogram when
potassium and calcium are present in high or low concentrations, the electro-
cardiographic changes may actually be a more direct manifestation of the
interrelation of effects of K, Ca and Na (Surawicz, 1963). It has been sug-
gested that Na affects the EGG by altering the Na/K ratio (Bellet, et al, 1955).
The possible importance of this ratio is suggested by the fact that Na and K
replace each other in exchanges across the cell membrane (Surawicz and
Lepeshchin, 1953). Changes in potassium concentration in the perfusate of
dog ventricular muscle have produced concomitant changes in calciuan uptake
and muscle contractility that are consistent with the idea that the movement
of sodium, calcium, and potassium are related in influencing myocardial con-
tractility (Langer and Brady, 1966).
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The various ratios of the concentrations of K, Ca, and Na in this study
have been plotted. There is no apparent relationship between any of these
curves and changes in the electrocardiogram except possibly in the case of
the ratio of the calcium concentration to the sum of the sodium and potassium
concentrations. Plotting this ratio produces a curve with a peak in the first
minute of recovery followed by a gradual descending slope toward the initial
v alue .
In addition to absolute changes in electrolyte concentration and altera-
tions in their ratios other factors may be involved in the expression of
changes in the electrocardiogram. It has been proposed that the rate of
change in potassium concentration is more significant than the absolute
concentration of potassium. The rate of potassium infusion rather than the
total potassium concentration has been found to be more closely related to
depression of contractile force in dog muscle {Logic, et al, 1968). Electro-
cardiographic changes in dogs also appear to differ between faster and slower
rates of potassium infusion (Surawicz, et al, 1967). In the present study the
maximal amplitudes of T and P waves coincided with a rapid decline in
potassium concentration. There also appears to be no close relationship
between electrocardiographic changes and the severe acidosis produced in
this study. The time course of the T and P wave changes does not closely
follow the time course of the pH change. Particularly it should be noted
that while the conditions of acidosis were different in the control and experi-
mental groups there were no differences between electrocardiographic
changes observed in the two groups. The results indicate no effect on the
ECG of statistically significant differences in pH or of altered arterial Pp^
levels.
Changes in the ECG occurring in the presence of altered P__ are
apparently more closely related to factors other than the Ppp. • This is
consistent with the conclusion of Reynolds, et al, (1951) that there is no
correlation between CO_ combining power and T wave changes. As in the
t.*
case of potassium the rate of change, particularly lowering, of the Prr.
may be more important than the actual
Though changes in the electrocardiogram observed in this study do not
follow closely either potassium concentration or acid -base balance, the
possibility of a relationship between acidosis and potassium concentration may
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not be discounted. The increase in T wave amplitude during acidosis pro-
duced by exercise has been suggested to be due to the concomitant alteration
of serum potassium concentration (Rose, et al, 1966). On the other hand the
S-T segment changes in diabetic acidosis have been correlated with the
lowered pH while the T wave changes have been correlated with low serum
potassium (Martin and Wertman, 1947).
Delay of perfusion of cardiac muscle, interaction of electrolyte changes
and pH, and the rate of change in electrolyte and hydrogen ion concentration
may all be important factors in producing the electrocardiographic chang es
observed in this study. However, the results indicate that changes in the
electrocardiogram during strenuous exercise and recovery do not closely
follow changes in serum electrolyte and arterial hydrogen ion concentration.
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C. II. The Effect of Metabolic Alkalosis on the Capacity for
Brief Maximal Work ,
The question of affecting an individual's physical work capacity through
augmentation of his body buffer reserves has received some attention in the
past. The conclusions, however, of laboratory studies in Germany during
the late 30's and of field studies later in this country, presented rather
insufficient evidence for a final solution regarding oral ingestion of sodium
bicarbonate as an adjunct to maximal exertion.
Of particular interest to the exercise physiologist, as well as to the
athletic coach, is the individual's capacity to perform at peak metabolic
rate. This characteristic has been described by such nomers as "anaerobic
work capacity", "oxygen debt capacity", and "lactate tolerance". Regardless
of the questionable accuracy of such labels, the augementation, by a stan-
dardized dose of intragastric sodium bicarbonate, of the overtly manifested
capacity they purport to define was the subject of investigation in this study.
Seven healthy male non-athletic volunteers, ages Zl -35, ingested
2. 5 milliequivalents per kilogram body weight of sodium bicarbonate in
gelatin capsules with a measured amount of distilled water. They were
acclimatized to medium altitude, familiar with the bicycle ergometer, and
in a near-basal state when ingesting the alkali.
During the pre-exercise absorption period, the subjects -were rested
in a supine position and the ante- or median cubital vein was cannulated for
blood sampling. Expired air was collected in Douglas bags and analyzed
on a Beckman E-2 Oxygen Analyzer.
Eleven cc samples of venous blood and expired air were collected
immediately prior to alkalinization, just before the onset of the test
exercise while sitting on the ergometer, within fifteen seconds of the cessa-
tion of the exercise and during each of the following nine minutes of recovery
while remaining on the ergometer, and during recovery minutes 30 and 60
while in a supine position.
The individual absorption times had been determined in a previous
experiment under identical conditions where blood acid-base and respiratory
changes were monitored during a 4-hour period following ingestion. The
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criterion for optimum impact on the blood acid-base balance was the
individual maximum increment in base excess. Although the most commonly
observed absorption time, thus defined, was 1 1/2 to 2 hours, this variable
was shown to exhibit very high inter- and intra- individual variability and
a very poor reproducibility was observed upon comparisons between the two
experiments.
Upon commencing the test exercise, the subjects were moderately
alkalotic, as demonstrated by a mean venous plasma standard bicarbonate
concentration of 31. 5 millequivalents per liter (an increment over the placebo
mean of 3. 9 milliequivalents per liter), a mean venous base excess of 5. 8
milliequivalents per liter (placebo mean was +1. 7), and by a mean venous
hydrogen ion concentration of 37.0 nanomoles per liter (compared to the
placebo mean of 41. 5).
The test powerload, 1800-2100 kpm/min, had been pre-determined to
exhaust each non-alkalotic subject in about 21 /2 minutes at an initial pedal-
ing rate of 50 r. p.m. The utilization of such a brief work period was indi-
cated by the following considerations:
1. Margaria calculated the theoretical capacity of the human anaerobic
energy sources to be about 50 seconds at the peak production rate;
2. Kaufman and Tilman observed a negative CO^ balance, due to
hypoxic hyperventilation and discounting the CO? being liberated
through buffering of fixed acid, during the initial minute of intense
work;
3. Of the anaerobically catabolized glucose, ninety per cent follows
the classic Emden-Meyerhof pathway, which produces no CO~.
A placebo of table sugar was used and intense verbal encouragement was
provided throughout the exercise.
After a 60-second warm-up period, during which the power load was
stepwise increased until the test load was reached, exercise time was re-
corded until the moment when the subject was unable to further turn the pedals
at any rate.
The blood was stored anaerobically in ice water and the whole - blood
pH immediately determined on an Astrup pH-meter. The plasma buffering
line was .derived by the tonometric method of Astrup and co-workers and
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Fig. C4 - The 60-minute time course of base excess.
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the standard bicarbonate determined by their nomographic method. The
base excess was calculated indirectly from a Siggaard-Andersen alignment
nomogram.
RESULTS AND CONCLUSIONS
Tables with complete experimental data are attached as an appendix.
The mean differences between placebo and experimental data were
tested for statistical significance according to the "difference method" forf
small correlated groups. The mean differences were, in most instances,
statistically non-significant -despite homogenous, unidirectional changes
within the experimental group. The graphic clarity regarding the directions
of these trends led us to believe that most differences would show signifi-
cance had a few more subjects been added tp the sample population. This
will be accomplished in future research.
A mean non-significant increase in exercise time of . 54 minutes, or
22 per cent, was observed. The mean exercise time was, for the placebo
group 2.47 minutes and for the experimental group 3.01 minutes. Two of
the subjects decreased their sustained exercise time, one by only a few
seconds but one by more than 1/2 a minute. In contrast, one subject showed
an almost 80% increase, and excluding this apparently abnormally large
time increment, the mean time increase dropped to .18 minutes, or 9 per
cent.
There was a non-significant 23 per cent increase in the mean total
work output, obtained by multiplication of the mean powerload by the mean
time increment.
The phasic changes in base excess shown in Fig. C4 followed closely
those in standard bicarbonate. On a time basis, the maximum base deficit
of 16. 9 milliequivalents per liter was reached after 5 minutes of recovery
in the alkalotic group, as compared to 15. 6 milliequivalents per liter after
8 minutes in the placebo group.
After 60 minutes of recovery, 90 per cent of the lost base had been
recovered. The recovery curves were, however, very steep at this point,
providing reason to suspect a continued rapid recovery - and possibly over-
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Fig. C6 - The 60-minute time course of the venous
whole-blood hydrogen ion concentration.
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compensation during the subsequent time period. The rate of recovery was
not affected by metabolic alkalosis.
With time cancelled out, the greatest loss of base in the experimental
group was 17. 7 milliequivalents per liter with a range of 14. 6 to 20.1, as
compared to 14. 8 milliequivalents per liter in the placebo group with a range
of 9. 6 to 23.4. The variability was smaller in the experimental group.
One of the seven subjects did not exhibit a greater base loss during
alkalosis. The mean difference of 2. 9 milliequivalents per liter was not
significant beyond the ten per cent level.
The loss of base being a measure of the amount of fixed acid absorbed
by the intravascular compartment, it was concluded that the increase in
exercise time, although statistically insignificant, had been energized by
an increased production of anaerobic energy. The poor economy of those
processes illustrated by Margaria's estimate of a 220-calorie energy yield
from a production of one gram of lactic acid, explains why a relatively
large difference in production of fixed acid was accompanied by a small
increase in total work production.
Possible support for the above conclusion was also provided by the
finding of a 7. 5% larger 60 minute oxygen debt, measured as oxygen con-
sumption above basal. The mean work oxygen consumption increased by
28 per cent (Fig. C5).
The terminal hydrogen ion concentration (Fig. C6), measured immediately
following cessation of the exercise, was 12 per cent higher in the placebo
group, and the recovery was slower. The lowest venous pH observed in this
study was 6.99 and in all cases the minima were obtained immediately
following exercise.
Some time following the 10th minute of recovery, the pH rose sharply
and the recovery was near-complete at the end of the 60 minutes.
It was concluded that, despite a larger influx of fixed acid during
metabolic alkalosis, the acidotic stress induced by anaerobic work was
markedly diminished.
In addition to the increased influx of the fixed acid, the venous plasma
immediately following exercise was higher in the alkalotic group,
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70.6 mm Hg as compared to 67.0 mm Hg.
Thus, it was concluded, in summary, that the blood buffering capacity
had been augmented by oral ingestion of sodium bicarbonate in the amounts
used in this study.
Appendix C
TABLE CI - Subject Data
Subject ;
BB
IB
JC
JE
SF
JL
CT
Years at
5300 Feet
.8
5.2
3.7
.7
4.2
1.7
11.7
Height
cm
175.3
180.0
183.5
187.5
166.0
178.0
176.5
Weight
kg
76.6
73.4
. 87.5
' 83.2
76.4
72.5
65.7
BSA
m2
1.92
1.92
2.11
2.10
1.84
1.89
1.80
Hb
gm%-
16.3
15.2
18.2
18.4
17.1
18.1
15.0
NaHCOa
gr
16.1
15.4
18.4
17.5
16.0
15.2
13.8
Powerload
kpm/min
1800
2100
2100
1800
1200
2100
1800
Age
Years
31.9
27.1
26.6
31.2
35.2
25.3
21.3
Mean 4.0 177.1 76.4 1.93 16.7 16.0 1800 28.4
TABLE CII - Decrements in Standard Bicarbonate Concentrations (m/Eq/L) in
Venous Plasma Experimental Group
Time
-T
O
W
Rl
R2
R3
R4
R5
R6
R7
R8
R9
RIO
R30
R60
BB
0
-
- 6.9
-11.3
-12.1
-14.5
-14.1
-14.2
-14.4
-14.0
-14.2
-13.2
- 8.1
- 1.8
TB
0
-I- 3.8
- 5.7
- 9.4
-12.9
-14.3
-
-13.2
-14.8
-14.3
-13.2
-13.9
- 7.1
+ 0.7
1C
0
+ 0.1
-11.9
-14.1
-15.5
-14.3
-15.6
-15.4
-14.9
-11.6
-12.9
- 9.9
- 4.3
- 1.7
Subject
TE
0
+ 0.8
- 9.4
-12.2
-15.9
-16.1
-17.1
-
-18.4
-18.7
-17.6
-18.3
-14.7
- 6.6
SF
0
-
- 3.1
- 8.2
- 9.1
- 9.8
-11.6
-11.9
-12.3
-13.2
-13.8
-14.2
-11.4
- 3.8
.IL
0
+ 2.0
- 8.7
-11.3
-14.2
-15.2
-16.6
-15.3
-15.9
-18.2
-18.3
-16.8
-10.0
- 3.8
CT
0
+ 0.3
- 6.6
-16.1
-18.1
-17.6
-16.5
-
-13.4
-13.2
-15.4
-14.9
- 6.6
0
M
0
+ 1.4
- 7.5
-11.8
-14.0
-14.5
-15.2
(-14.0)
-14.9
-14.7
-15.1
-14.5
- 8.9
- 2.4
SD
0
1.4
2.8
2.7
2.9
2.4
2.1
-
1.9
2.7
2.1
2.7
1.1
2.5
TABLE CIII - Base Excess Concentrations (m/Eq/L) in Venous Blood Placebo Group
Time
-T
0
W
Rl
R2
R3
R4
R5
R6
R7
R8
R9
RIO
BB
+ 0.9
-
-16.2
-17.9
-20 . 8
-20.7
-20.5
-22.5
-20.5
-21.3
-21.5
-21.7
IB
- 0.6
'
- 6.1
-
- 7.5
- 9.3
-11.7
-
-
-
-
-12.5
1C
+ 1.0
+ 1.6
- 5.5
- 9.2
- 9.3
- 9.7
- 9.7
-10.8
-10.2
-10.4
-10.0
- 8.5
Subject
IE
+ 4.1
-
- 6.8
- 7.0
- 9.0
-10.0
-10.4
-11.2
-12.0
-11.2
-10.0
- 9.8
SF
+ 3.6
+ 5.0
- 0.1
- 0.1
- 0.5
- 0.6
- 3.0
- 2.2
- 5.3
- 6.0
- 6.0
- 5.6
IL
+ 0.7
-
-12.2
-16.0
-16.7
-15.8
-15.5
-15.5
-15.7
-16.3
-16.9
-15.8
CT M
+ 2.2 + 1.7
(-1- 3.3)
- - 7.8
-10.0
-10.6
-11.0
-11.8
-12.4
-12.7
-13.0
-12.9
-10.8 -12.1
SD
1.7
-
5.7
7.2
7.2
6.8
5.9
7.4
5.7
5.9
6.2
5.3
R30 -10.1 - - 2.0 - 7.0 - 3.1 - 7.8 - 7.8 - 6.3 3.1
R60 + 0.7 - 1.5 + 1.0 -i- 2.6 + 2.4 - 2'.4 - 1.0 + 0.3 1.9
TABLE CIV - Base Excess Concentrations (m/Eq/L) in Venous Blood
Experimental Group
Time
-T
0
W
Rl
R2
R3
R4
R5
R6
R7
R8
R9
RIO
R30
R60
BB
+ 3.7
-
- 7.6
- 7.0
- 6.5
-13.0
-12.5
-12.4
-12.3
-It -.8
-11.9
-10.6
- 2.4
+ 3.6
IB
+ 4.6
+ 8.5
- 8.9
-10.0
-11.0
-12.3
-
-11.7
-12.6
-11.5
-11.1
. -11.6
- 1.8
+ 5.3
1C
+ 6.8
+ 6.8
- 5.4
- 8.5
- 9.8
- 8.9
-10.0
- 9.9
- 8.5
- 6.0
- 7.0
- 4.4
-i- 2.3
+ 5.0
Subject
IE
+ 7.5
+ 8.6
- 6.0
- 7.8
- 9.6
- 9.6
-10.5
-
-11.3
-12.1
-11.4
-12.0
- 5.5
+ 3.0
SF
+ 6.9
-
+ 1.5
- 1.5
- 2.8
- 3.4
- 5.7
- 5.6
- 6.0
- 6.9
- 7.7
- 7.7
- 1.8
+ 4.4
IL
+ 3.7
+ 5.0
-10.3
-12.7
-15.5
-14.6
-15.7
-14.3
-14.4
-16.3
-16.4
-14.5
- 3.8
+ 2.0
CT
+ 7.7
+ 8.2
- 2.6
- 8.8
-11.1
-11.0
-10.8
-
- 8.3
- 7.4
- 9.0
- 8.3
+ 1.6
+ 6.6
M
+ 5.8
+ 7.4
- 5.6
- 8.0
- 9.5
-10.4
-10.9
-10.8
-10.5
-10.3
-10.6
- 9.9
- 1.6
+ 4.3
SD
1.5
1.4
3.5
2.8
2.9
3.6
2.5
3.5
2.9
3.7
3.2
3.3
2.8
1.5
Table CV - Rate Oxygen Consumption (ml/STPD/min), Placebo Group
(Increments above resting level are shown in parentheses)
Time
-T
O
W
Rl
R2
R3
R4
R5
R6
R7
R8
R9
RIO
R30
R60
BB
321(0)
3219(2898)
2233(1912)
1151(830)
966(645)
886(565)
665(334)
_ -
458(137)
408(87)
412(91)
IB
265(0)
2284(2019)
1812(1547)
965(700)
746(481)
803(538)
516(251)
652(387)
461(196)
342(57)
273(8)
1C
288(0)
3212(2924)
2076(1788)
791(503)
732(444)
684(396)
676(388)
708(420)
476(188)
411(123)
357(69)
Subject
IE
271(0)
2943(2672)
2142(1871)
772(501)
690(419(
991(720)
415(144)
599(328)
609(338)
391(120)
284(13)
SF
244(0)
1758(1514)
11424898)
601(357)
534(290)
415(171)
554(310)
449(205)
238(-6)
362(118)
267(23)
IL
317(0)
2995(2678)
1317(1500)
-
937(620)
615(298)
447(130)
470(153)
366(49)
301 (-16)
2 3.8 (-79)
CT
230(0)
3095(2865)
1955(1725)
894(664)
586(356)
622(392)
474(144)
553(323)
531(301)
328(98)
282(52)
M
277(0)
2787(2510)
1882(1606)
862(592)
742(465)
717(440)
534(243)
572(303)
448(172)
363(84)
302(25)
SD
35(0)
550(538)
363(348)
188(170)
164(130)
193(183)
101(105)
101(104)
119(125)
42(51)
61(55)
TABLE CVI - Rate Oxygen Consumption (ml STPD/min), Experimental Group
(Increments above resting level are shown in parentheses)
Time
-T
O
W
Rl
R2
R3
R4
R5
R6
R7
R8
R9
RIO
R30
R60
BB
353(0)
3128(2775)
2169(1816)
1050(697)
859(505)
781(428)
684(331)
671(318)
450(97)
410(57)
276(-77)
IB
258(0)
2699(2441)
1759(1501)
779(521)
585(327)
710(452)
646(388)
419(161)
534(276)
343(85)
263(5)
1C
199(0)
3480(3281)
2187(1988)
1235(1036)
851(652)
680(481)
597(398)
368(169)
573(374)
374(175)
-
Subject
IE
251(0)
2852(2601)
1918(1667)
761(510)
718(467)
690(439)
639(388)
403(152)
526(275)
446(195)
326(75)
SF
241(0)
2047(1806)
1443(1202)
799(558)
703(462)
576(335)
483(242)
595(354)
539(298)
367(126)
269(28)
TL
344(0)
3008(2664)
1927(1583)
1014(670)
849(505)
726(382)
682(338)
364<20)
404(60)
323(-21)
2 71 (-73)
CT
234(0)
2660(2426)
1341(1107)
693(459)
562(328)
535(3.01)
-
-
792(558)
300(66)
249(15)
M
269(0)
2839(2571)
1821(1552)
904(636)
732(464)
671(403)
622(347)
470(196)
545(277)
366(98)
276(-27)
SD
58(0)
450(441)
331(315)
198(196)
126(113)
86(66)
75(59)
130(121)
125(150)
50(121)
26(65)
TABLE CVII - Venous Hydrogen Ion Concentration (nM/L) Placebo Group
Time
-T
O
w
Rl
R2
R3
R4
R5
R6
R7
R8
R9
RIO
R30
R60
BB
44
-
101
96
87
90
84
87
89
87
86
85
49
40
.0
.4
.4
.6
,8
.9
.6
.9
Vs
.3
.7
.2
.4
IB
41.7
-
75.9
-
68.2
66.8
68.5
-
-
-
-
68.9
-
43.0
1C
41
41
55
51
52
52
52
53
53
51
50
51
41
38
.1
.1
.3
.0
.8 .
.8
.0
.1
.1
.8
.9
.2
.9
.8
Subject
IE
39.5
39.2
68.9
65.2
60.0
61.5
61.4
61.0
60.7
60.7
61.2
60.4
47.6
39.1
SF
39.3
39.2
43.8
43.3
44.3
45.4
46.2
47.1
48.2
49.3
49.3
49.3
43.0
36.9
IL CT
44
-
82
83
82
82
78
78
75
77
76
74
51
45
.9 40.3
-
.0
.4
.2
.0
.9
.2
.7
.6
.2
.8 63.7
.5 50.6
.0 42.1
M
41.5
39.8
71.2
67.9
65.8
66.5
65.3
65.4
65.5
65.4
64.8
64.9
47.3
40.8
SD,
2.2
1.1
20.3
22.4
16.8
17.3
15.1
17.1
17.1
16.6
16.1
12.9
4.0
2.3
TABLE CVIII - Venous Hydrogen Ion Concentration (nM/L)
Experimental Group
Time
-T
O
W
Rl
R2
R3
R4
R5
R6
R7
R8
R9
RIO .
R30
R60
BB
39.6
• - .
75.2
74.8
65.5
62.2
61.8
60.8
57.9
57.9
57.3
56.2
37.5
35.3
IB
35.2
37.3
86.5
73.8
57.9
57.9
-
61.2
58.3
55.7
57.1
54.5
36.1
34.0
1C
34.9
34.9
50.5
52.0
51.8
52.1
52.1
51.6
48.9
50.1
48.8
48.9
38.3
35.8
Subject
IE
37.4
37.0
68.7
65.5
59.3
59.2
59.0
59.7
57.3
60.8
62.5
62.4
46.2
37.2
SF
35.4
37.0
48.3
43.4
45.5
46.1
46.1
47.9
46.9
47.8
47.8
46.9
39.7
33.1
IL
41.3
41.3
79.8
80.7
82.6
71.5
73.1
69.7
68.4
66.7
64.3
63.5
42.4
38.0
CT
34.9
36.6
64.3
49.3
50.6
54.0
58.9
-
60.8
56.4
54.3
52.7
38.5
36.5
M
37.0
37.3
67.6
62.8
59.0
57.6
58.5
58.5
56.9
56.5
56.0
55.0
39.8
35.7
SD
2.6
2.1
14.4
14.5
12.2
8.1
9.2
7.7
7.2
6.4
6.3
6.3
3.5
1.7
TABLE CIX - Partial Pressure (mmHg) of Carbon Dioxide in Venous Plasma
Placebo Group
Time
-T
0
w
Rl
R2
R3
R4
R5
R6
R7
R8
R9
RIO.
R30
R60
BB
48.9
-
76.3
61.2
39.0
40.0
34.8
29.2
40 .0
34.3
-
30.4
30.1
42.2
IB
41.5
-
81.0
-
63.0
55.0
49.7
-
-
-
- •
46.0
41.7
1C
44.4
45.8
51.9
35.3
37.1
36.0
34.6
33.3
35.0
32.4
32.5
36.8
38.9
39.9
Subject
IE
48.0
-
72.0
64.4
48.0
47.6
45.5
42.5
39.6
42.0
46.3
46.2
35.4
44.2
SF
46.4
49.6
46.3
45.3
45.9
47.8
43.1
46.8
40.2
40.3
40.3
41.1
37.6
39.9
TL
50.9
-
73.8
57.0
55.6
56.0
52.3
51.6
46.3
46.8
42.8
45 „ 6
39 v 2
42.8
'
CT . M
45.4 46.5
(47.7)
66.9
52.6
48.1
47.1
43.3
40 . 7
40.2
39.2
40.5
45.9 41.7
37.1 36.4
41.0 41.7
SD
3.1
--
14.2
12.0
9.9
7.9
7.4
9-3
4.0
5.8
-
6.1
3.3
1.6
TABLE CX - Partial Pressure (mmHg) of Carbon Dioxide in Venous Plasma
Experimental Group
Time
-T
O
W
Rl
R2
R3
R4
R5
R6
R7
R8
R9
RIO
R30
R60
BB
46.9
-•
75.8
57.8
46.5
37.6
38.4
37.4
34.5
36.1
34.7
37.0
31.6
39.0
TB
41.0
49.3
90.0
63.6
38.3
34.5
-
39.9
33.6
32.7
36.9
32.3
31.2
40.4
1C
44.8
44.8
43.3
37.5
34.0
36.8
34.0—
33.7
33.4
41.4
37.0
44.0
42.2
43.5
Subject
IE
51.7
52.5
74.9
62.0 .
45.4
44.9
42.0
-
37.1
39.0
43.5
41.4
36.6
41 .'5-
X
SF
45.9
58 . 2
41.9
42.5
41.9
38.0
38.9
37.1
36.1
34.8
33.0
35.8
37.0
IL
51.0
54.6
'78.1
68.0
58.5
45.9
42.6
43.8
41.7
33.2
31.2
35.0
35.0
40.9
CT
46.5
49.2
74.0
33.4
29.4
33.6
39.9
-
50.0
46.4
38.9
39.0
41.0
47.4
M
46.8
50.1
70.6
52.0
42.1
39 .-3
39.1
38.7
38.2
37.8
36.7
37.4
36.2
41.4
SD
3.7
2.6
15.2
14.0
9.5
4.9
3.1
3.7
5.7
4.8
3.9
4.3
4.2
3.4
